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Eukaryotic organisms that cannot be classified as animals, land plants, or fungi are termed
protists. Despite the fact that protists represent the majority of eukaryotic diversity,
these organisms have received relatively little attention from biological researchers beyond
morphological characterization. Reasons that likely contributed to their neglect include their
mostly microscopic nature, that only a few lineages are the causative agents of human disease,
that laboratory cultivation can be challenging, and that species concepts for the majority of
protists was vague in many lineages. Initial attempts to resolve relationships among eukaryotes
produced the five kingdoms model. This model suggested protists were an evolutionary
assemblage separate from the animals, plants, and fungi. Molecular systematics provided a more
accurate view of relationships amongst eukaryotic taxa. Results from molecular phylogenetic
studies demonstrated that protists were a polyphyletic group made of many assemblages, and that
more complex lineages such as plants and animals were nested within these assemblages. This
new evolutionary framework brought increased attention to protists. The application of
molecular biology, especially genomic and transcriptomic sequencing to protists has allowed
researchers to generate meaningful data on poorly understood lineages rapidly. Applying these

techniques to understudied amoeboid protists, I demonstrated the presence of a complex life
cycle in a well-studied group of opportunistic pathogens and their close relatives that was not
previously known, as well as characterized new diversity within the group. I made
methodological advances in the field of molecular systematics through development of a novel
ortholog collection algorithm that I have included in a phylogenomic package capable of
resolving ancient (>100 million years) divergences in the tree of eukaryotes. I used the algorithm
to build the packages accompanying manually curated database of 240 homologs from 304
eukaryotic taxa. Using the newly developed software and manually curated gene set has yielded
the most complete and highly resolved tree of eukaryotes to date. Finally, I used developmental
transcriptomics to demonstrate the amoeba Copromyxa protea evolved a means of simple
cooperative multicellularity independently from other more well studied multicellular lineages.
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CHAPTER I
EXPANSION OF THE MORPHOLOGICAL AND MOLECULAR DIVERSITY OF THE
ACANTHAMOEBIDAE (CENTRAMOEBIDA, AMOEBOZOA) AND
IDENTIFICATION OF A NOVEL LIFE CYCLE TYPE
WITHIN THE GROUP
Tice AK, Shadwick LL, Fiore-Donno AM, Geisen S, Kang S, Schuler GA, Spiegel FW, Wilkinson
K, Bonkowski M, Dumack K, Lahr DJG, Voelcker E, Clauß S, Zhang J, Brown MW.
(2016). Expansion of the molecular and morphological diversity of Acanthamoebidae
(Centramoebida, Amoebozoa) and identification of a novel life cycle type within the group.
Biology Direct 11:69. doi: 10.1186/s13062-016-0171-0.
1.1
1.1.1

Abstract
Background
Acanthamoebidae is a “family” level amoebozoan group composed of the genera

Acanthamoeba, Protacanthamoeba, and very recently Luapeleamoeba. This clade of
amoebozoans has received considerable attention from the broader scientific community as
Acanthamoeba spp. represent both model organisms and human pathogens. While the classical
composition of the group (Acanthamoeba + Protacanthamoeba) has been well accepted due to
the morphological and ultrastructural similarities of its members, the Acanthamoebidae has never
been highly statistically supported in single gene phylogenetic reconstructions of Amoebozoa
either by maximum likelihood (ML) or Bayesian analyses.
1

1.1.2

Results
Here we show using a phylogenomic approach that the Acanthamoebidae is a fully

supported monophyletic group within Amoebozoa with both ML and Bayesian analyses. We also
expand the known range of morphological and life cycle diversity found in the Acanthamoebidae
by demonstrating that the amoebozoans “Protostelium” arachisporum, Dracoamoeba
jomungandri n.g. n.sp., and Vacuolamoeba acanthoformis n.g. n.sp., belong within the group.
We also found that “Protostelium” pyriformis is clearly a species of Acanthamoeba making it the
first reported sporocarpic member of the genus, that is, an amoeba that individually forms a
walled, dormant propagule elevated by a non-cellular stalk. Our phylogenetic analyses recover a
fully supported Acanthamoebidae composed of five genera. Two of these genera (Acanthamoeba
and Luapeleameoba) have members that are sporocarpic.
1.1.3

Conclusions
Our results provide high statistical support for an Acanthamoebidae that is composed of

five distinct genera. This study increases the known morphological diversity of this group and
shows that species of Acanthamoeba can include spore-bearing stages. This further illustrates the
widespread nature of spore-bearing stages across the tree of Amoebozoa.
1.2

Background
Acanthamoebidae is a clade of free-living amoebae found within the Amoebozoan

“order” Centramoebida (Acanthamoeba + Protacanthamoeba + Balamuthia +
Endostelium + Gocevia + Pellita) [1, 2]. The Acanthamoebidae has been the focus of more
scientific studies than many other amoebozoan groups owing to the medical (as causative agent
of amoebic keratitis in humans) and ecological importance (in nutrient cycling in soils) as well as
2

the role of A. castellanii as a model organism [3–8]. Classically, Acanthamoebidae comprised
two genera, Acanthamoeba and Protacanthamoeba [9]. Species of both these genera typically
have flattened trophic cells that display pointed subpseudopodia (termed acanthopodia, see [10])
and a prominent lamellate microtubular organizing center (MTOC) [1, 9, 11]. Amoeboid trophic
phases of Acanthamoeba spp. and Protacanthamoeba spp. have been described as nearly
indistinguishable with light and electron microscopy [9, 12]. The primary character that has been
used to justify the separation of the two genera has been cyst (i.e., a sessile walled dormant state)
morphology [9]. However, very recently a new amoeba genus represented only by the type
species, Luapeleamoeba hula, was incorporated into the Acanthamoebidae primarily based on
the sequence of its small subunit ribosomal RNA gene (SSU) [13, 14].
Luapeleamoeba hula differs from Acanthamoeba spp. and Protacanthamoeba spp. not
only in its general morphology (L. hula lacks both pointed subpseudopodia and a profile as flat
as species of the aforementioned genera), but also in its life cycle complexity [14]. While in
Acanthamoeba spp. and Protacanthamoeba spp. only trophic amoeboid states dividing by
mitosis or encysting have been observed [9, 15], the life cycle of L. hula also includes the
potential for individual cells to facultatively form a thin walled dormant propagule on top of a
non-cellular stalk [13, 14]. The walled cellular component of this structure is known as a spore
while the entire structure (spore + non-cellular stalk) is called a sporocarp [16].
Despite organisms with amoeboid stages being present in almost all of the “kingdom”level eukaryotic assemblages, amoebae with life cycles that include the ability to form a
sporocarp have so far been observed only in Amoebozoa [1, 13, 17]. Although walled propagules
elevated on both cellular and non-cellular stalks are found in the amoebozoan copromyxids and
dictyostelids, these structures (similarly termed sorocarps) differ in that they are the products of
3

aggregation of many individual cells [16]. Within Amoebozoa amoebae that form sporocarps are
found in a non-monophyletic group colloquially called "protosteloid amoebae" (including L.
hula) and the monophyletic myxogastrid slime molds [1, 13, 17]. Luapeleamoeba hula is the
most divergent organism with respect to the classical definition of acanthamoebid morphology
and life history to branch within the group in molecular phylogenies. However, other amoebae
with the ability to form sporocarps and/or morphologies that differ substantially from the
morphology of Acanthamoeba spp. and Protacanthamoeba spp. were suggested to be allied with
this amoebozoan lineage [1, 12, 18, 19].
The aim of this study was to understand better the diversity and evolutionary history of
this important group of amoebozoans through molecular phylogenetic techniques and classical
light microscopy. To do this we generated transcriptomes and/or SSU gene sequence data for
well established (Protacanthamoeba bohemica [20]) and suspected acanthamoebid taxa
(Protostelium pyriformis [21], Protostelium arachisporum [21]) along with two closely related
centramoebids (Pellita catalonica ATCC® PRA25™ [22] and Endostelium zonatum ATCC®
PRA191™ [23]) to serve as close outgroup taxa. We combined these data with previously
publicly available acanthamoebid data in order to clarify the phylogenetic position of the
incertae sedis amoebozoans previously allied with Acanthamoebidae based on morphological
and ultrastructural evidence [1, 18, 19], i.e., "Protostelium" pyriformis and "Protostelium"
arachisporum which are here transferred to Acanthamoeba and Luapeleamoeba, respectively.
We also describe a new genus of acanthamoebids isolated from high altitude soils in Tibet.
Finally, we provide a much needed microscopical and phylogenetic reinvestigation of ATCC®
50982™ questionably deposited as "Stereomyxa ramosa" [24] (here transferred to Dracoamoeba
jormungandri n.g. n.sp.) a species also previously suggested to be a relative of acanthamoebids
4

[12]. Our combined morphological and phylogenetic studies show the Acanthamoebidae is a
highly supported lineage within the Centramoebida clade of Amoebozoa and, is composed of
amoebae with a broad range of morphologies. Moreover, it includes more species with life cycles
that include the ability to form sporocarps than previously known. The addition of these new taxa
and the structure of our trees suggest that the simplistic classical acanthamoebid life cycle could
potentially be derived from an ancestor with a more complex life cycle. This evolutionary trend
of derived simplicity both morphologically and genomically is not only seen in Amoebozoa but
scattered across the Tree of Life as a whole [25, 26].
1.3
1.3.1

Materials and Methods
Strains Examined
Applicable information for all strains examined in this study including former and newly

proposed taxonomic assignment, culture collection information, isolator, isolation habitat and
location, and the type of data generated in this study can be found in Table 1.1. Details on culture
maintenance can be found in appendix section A.1.1.
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Table 1.1

Centramoebid and himatismenid strain information.

Species Examined

Proposed New
Name

Protostelium
pyriformis

Acanthamoeba
pyriformis n. comb.

Strain

Culture
Collection

Accession
Number

Isolator/Depositor

Leaf litter

Habitat

Collection
Location

CR15

CCAP

1501/19

K.Wilkinson/M.W.
Brown

OG15

CCAP

2545/1

M.W. Brown/M.W.
Brown

Leaf litter

Costa Rica
Winston
County,
Mississippii
(USA)

CR15

NA

NA

A.K. Tice/NA

Leaf litter

Costa Rica

NA

A.M. FioreDonno/NA

Leaf litter

Geneva,
Switzerland

Protostelium
arachisporum

Luapeleamoeba
arachisporum n.
comb.
Luapeleamoeba
arachisporum n.
comb.
Luapeleamoeba
arachisporum n.
comb.

Protostelium
arachisporum

Luapeleamoeba
arachisporum n.
comb.

PKB06-4L1

NA

NA

M.W. Brown/NA

Leaf litter

Pilot's Knob,
Arkansas
(USA)

Unknown soil
amoeba

Vacuolamoeba
acanthoformis n.g.
n.sp.

Tib 84

CCAP

2580/1

K. Dumack/M.W.
Brown

High Altitude
Soil

Tibet

Unknown soil
amoeba

Vacuolamoeba sp.
n.g. .

Tib 168

NA

NA

K. Dumack/NA

Dracoamoeba
jomungandrii n.g.
n.sp.

Chinc5

ATCC

50982

Not Applicable

LHI05

ATCC
Institute of
Parasitology,
Academy of
Sciences of
the Czech
Republic,
Ceske
Budejovice

PRA-198

ATCC

PRA-191

I. Dykova
L.L. Shadwick/F.W.
Spiegel

ATCC

PRA-25

T.A. Nerad/T.A.
Nerad

Protostelium
arachisporum
Protostelium
arachisporum

Stereomyxa
ramosa
Luapeleamoeba
hula

Protacanthamoeba
bohemica
Endostelium
zonatum

Pellita catalonica

Not Applicable

AMFD

Not Applicable

TT3H
LHI05M6a1

Not Applicable

CON-1

NA

NA

T.A. Nerad/T.A.
Nerad
L.L. Shadwick/F.W.
Spiegel

Coordinates
8.783333° N
-82.966667°
E
33.219118°
N89.098003°
E
8.783333° N
-82.966667°
E

Data Collected
morphological,
SSU, RNA
morphological,
SSU, RNA
morphological, SSU

High Altitude
Soil
moist soil from
mud flat
approximately
800 yards from
the ocean

Tibet

46.1358° N
5.9695° E
36.240990°
N93.225232°
E
29.700000°
N
92.166667°
E
29.866667°
N
92.550000°
E

Chincoteague,
Virginia
(USA)

NA

Leaf litter

Hawaii (USA)

NA

morphological, SSU
(bioinformatically)
morphological,
RNA

Liver of Tinca
Tinca

Spolský pond,
South Bohemia
(Czech
Republic)

NA

morphological,
RNA

Hawaii (USA)

NA

RNA

Conneticut
(USA)

NA

RNA

Leaf litter
carapace of an
American
lobster,
Homarus
americanus

morphological, SSU

morphological, SSU

morphological, SSU

SSU

Taxonomic, isolation, and data generation information for all isolates used in this study.
1.3.2

Light Microscopy
All life cycle stages of all organisms were imaged with a Zeiss Axioskop2 Plus or an

AxioVert 135 (Zeiss, Peabody, MA) equipped with 10X and 40X lenses capable of DIC and 10X
and 32X lenses capable of phase contrast, respectively. Digital photographs were taken using
either a Canon EOS 650D or Canon 5DS (Canon, Melville, NY).
1.3.3

cDNA library preparation and next-generation sequencing
Total RNA was extracted, and ds-cDNA constructed using a modified version of Smart-

seq2 [27] for A. pyriformis isolate CR15 and P. bohemica isolate TT3H. For L. arachisporum
OG15, L. hula ATCC® PRA198™, E. zonatum ATCC® PRA191™, and P. catalonica ATCC®
6

PRA25™ Poly(A) + RNA was isolated through Poly(A) + selection. A paired-end cDNA library
with a nominal insert size of ~375 bp was then constructed with NEBNext Ultra RNA Library
Prep Kit for Illumina (New England Biolabs). Modifications made to Smart-seq2 and quality
assessment steps involving RNA and cDNA can be found in appendix section A.1.4. Libraries
were diluted and manually pooled with other uniquely indexed libraries according to Illumina
specifications. The library pools were sequenced on either HiSeq 2000 or HiSeq 2500 at Genome
Quebec.
1.3.4

Transcriptome assembly
Raw sequence read data were filtered based on quality scores with the Trimmomatic

program [28], using a cutoff filter (a minimum 70% of bases must have quality of 20 or greater).
Filtered sequences were assembled into clusters using TRINITY 2.1.1 package [29] as per
standard developer’s protocols.
1.3.5

Acquisition of SSU rDNA sequences
For A. pyriformis isolate CR15, L. arachisporum isolates PKB06-4 L-1, AMFD and

CR15 total genomic DNA was extracted from established clonal cultures and the SSU gene was
amplified through polymerase chain reaction and sequenced by Sanger sequencing. The partial
SSU sequences of Vaculoamoeba acanthaformis Tib84 and Vacuolamoeba sp. Tib168 were
acquired as in [5]. The SSU sequences of Dracoamoeba jormungandri n.g. n.sp. and L.
arachisporum isolate OG15 were acquired bioinformatically from their respective
transcriptomes. Detailed descriptions of DNA extraction methods, primers used for PCR,
thermocycler conditions, and bioinformatic strategy for obtaining SSU sequences from
transcriptomes can be found in appendix sections A.1.2, A.1.3, and A.1.5 respectively.
7

1.3.6
1.3.6.1

Phylogenetic analyses
Phylogenomic matrix construction
The transcriptomic data, as mentioned above, were used as inputs for an in-house

pipeline, described below, for the creation of single protein datasets and, subsequently, the
phylogenomic data matrix. The organismal data were individually screened for orthologs using
either blastp (1e-5 e-value cutoff) with a manually curated reference of 325 ortholog sequences
as queries in BLASTMONKEY from the Barrel-o-Monkeys toolkit [30]. Blastp was then used to
screen these putative orthologs against the OrthoMCL database, and the output for each gene
from each organism was compared against a manually curated dictionary of orthologous
OrthoMCL IDs. Those putative orthologs that did not match orthologous IDs were designated as
paralogs and removed. The remaining putative orthologs from each organism were combined
and aligned using MAFFT-LINSI [31]. Ambiguously aligned positions were identified and
removed using Block Mapping and Gathering with Entropy (BMGE) [32]. For each individual
protein alignment, maximum-likelihood (ML) trees were inferred in RAxML v8 [33] using an
LG model [34] with four categories of among-site rate variation, with 10 ML tree searches and
100 ML bootstrap replicates. To test for undetected paralogy or contaminants, we constructed a
consensus tree (ConTree) representing phylogenetic groupings of well-established eukaryotic
clades [35]. The resulting individual protein trees that placed taxa in conflicting positions relative
to the ConTree with more than 70% ML bootstrap support, with a zero-branch length, or with
extremely long branches were checked manually. All problematic sequences identified using
these methods were removed from the dataset. The resulting protein alignments were then retrimmed for ambiguously aligned positions using BMGE and concatenated into the separate
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supermatrix with 102,140 amino acid sites (325 proteins) of 40 taxa using alvert.py from the
Barrel-o-Monkey’s toolkit.
Bayesian phylogenetic analyses were performed using Phylobayes-MPI v1.6j [36, 37]
under the site heterogeneous exchangeability CAT-GTR model of protein evolution on the
phylogenomic matrix. Six independent Markov chain Monte Carlo chains were run in
Phylobayes-MPI for ~2700 generations, sampling trees every two generations. After 1200
generations convergence was achieved for two of the six chains. These two chains were
summarized with the largest discrepancy in posterior probabilities (PPs) (maxdiff) less than
0.012 and the effective size of continuous model parameters were in the range of acceptable
values. The other four chains that did not converge with a maxdiff of 1.0 do not differ in the
placement of our taxa of interest and are summarized in Fig. A.1 after a 1200 generation burnin.
In addition to the Bayesian analyses, we employed C-series models [34] that account for
heterogeneous site-specific features of sequence evolution in the phylogenomic dataset under a
maximum-likelihood (ML) framework in IQ-TREE v1.3.3 [38]. The best-fitting model available
under ML analyses that we were capable of running with computational constraints was
LG + Γ4 + C20 + F with class weights optimized from the dataset using the exchangeabilities
from the LG Q-Matrix (LG + Γ4 + FMIX (empirical, C20pi1-C20pi10)) [39, 40]. Topological
support was estimated from 1,000 ultrafast ML bootstrap (ML BS) replicates in IQ-TREE.
1.3.6.2

Fast evolving site removal
Our phylogenomic dataset composed of 325 genes from 40 taxa resulted in a 102,140

amino acid (AA) site concatenated supermatrix. We also evaluated the impact of removing the
fastest evolving sites from the supermatrix, which are expected to be the most prone to
systematic error in phylogenomic analyses [35]. To do this, rates of evolution per site were
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estimated with Dist_Est [41] under the LG + Γ4 model using discrete gamma probability
estimation. Then a custom Python pipeline [35] was used to remove fastest evolving sites in a
stepwise fashion (3,300 sites per step). Each step was analyzed using 100 MLBS
pseudoreplicates in IQ-Tree under LG + Γ4 + F which are plotted in A.3.
1.3.6.3

SSU rDNA phylogenetics
Small subunit rRNA genes were aligned using MAFFT [31] and ambiguous sites were

removed by hand in Seaview [42]. Maximum likelihood phylogenies of the SSU gene were built
using RAxML v8.2.4 [33] and Bayesian analyses were carried out by MrBayes v3.2.6 [43]. In
both instances a GTR + Γ + I model of nucleotide substitution was used. Further details can be
found in the appendix section A.1.6.
1.4
1.4.1
1.4.1.1

Results
Light Microscopy
Acanthamoeba pyriformis n. comb. & Luapeleamoeba arachisporum n. comb.
Morphological details confirming the identity of our isolates obtained from nature of

these two species (originally described as Protostelium pyriformis (Fig. 1.1: a-f)
and Protostelium arachisporum (Fig. 1.1: j-l) respectively) can be found appendix sections A.2.1
and A.2.2 . See Figs. 1.2, 1.3, 1.4, and appendix sections A.2.1 and A. 2.2 for justification of
reassignment of each to different previously diagnosed genera.
1.4.1.2

Vacuolamoeba acanthaformis n. g. n. sp.
The majority of the body of the cell consists of granuloplasm (cytoplasm with inclusions

such as organelles) while the leading edges of cells in motion are made up of hyaloplasm (clear
cytoplasm lacking any inclusions). Acutely pointed subpseudopodia (i.e., acanthopodia) project
10

outwards from all sides of the cell body. Cells are typically uninucleate although binucleate
individuals were sometimes observed. Cells typically have many vacuoles in the granuloplasm;
among them one or more large round contractile vacuoles are usually present
(Fig. 1.1 p, q and s). Cell motion is slow, but easily visible when observed under the microscope.
Uroids (distinct arrangements of cellular extensions at the posterior end of some amoeba species)
have rarely been observed. Cells readily form cysts in culture. These cysts are round to slightly
irregular in shape and consist of what appears at the light microscope level to be a single smooth
wall enclosing granuloplasm (Fig. 1.1 r). The cysts were most often seen to form singly rather
than in clusters.
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Figure 1.1

Light micrographs of acanthamoebids observed in this study.

a-f. Acanthamoeba pyriformis n. comb. CR15: a) Sporocarp; b) Spore detached from stalk; c)
Empty spore wall and rounded trophic cell; d) Trophic cell; e) Cyst; f) Trophic cell; gi. Protacanthamoeba bohemica TT3H: g) Trophic cell; h) Trophic cell; i) Cyst; jl. Luapeleamoeba arachisporum n. comb. CR15: j) Sporocarp; k) Amoeba moments after
germination, empty spore wall, and ungerminated spore; l) Trophic cell; m-o. Luapeleamoeba
hula ATCC® PRA198™: m) Trophic cell; n) Sporocarp; o) Spore detached from stalk; ps. Vacuolamoeba acanthoformis n.g. n. sp. Tib 84: p-q & s) Trophic cell; r) Cyst; TAA. Dracoamoeba jomungandri n. g. n. sp. ATCC® 50982™ T-AA) Trophic cell. A = amoeba,
S = spore, SW = spore wall, N = nucleus
1.4.1.3

Dracoamoeba jormungandri n. g. n. sp. ATCC® 50982™ (deposited as
"Stereomyxa ramosa")
The amoebae of ATCC® 50982™ are highly variable in their morphology (Fig. 1.1 t-aa)

and most of the time do not resemble classical acanthamoebids. On occasion subpseudopodia
that resemble acanthopodia form (Fig. 1.1 v and w). The cell body is composed mainly of
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granuloplasm while pseudopods are clear (hyaloplasmic). Only uninucleate individuals were
seen. When observed, the nucleus appears as an irregular clear spot in the cell
(Fig. 1.1 v, w and y). No nucleoli are obvious using light microscopy. As expected for a marine
organism, amoebae were never seen to form contractile vacuoles. No cysts or resting stages were
ever seen in our cultures. Amoebae move extremely slowly and can be observed using time-lapse
microscopy. Uroids were never observed. No anastomosis or any form of fusion of pseudopodia
within or between individuals was ever observed. The characteristics of this organism do not
adequately fit the original description given by [24] for Stereomyxa ramosa and so we establish
it here as the new genus Dracoamoeba n. g. and designate this isolate the type
species Dracoamoeba jomungandri n. g. n. sp. For a full discussion on the inconsistencies
between our observations and those of Grell see appendix section A.3.1.
Additional light microscope observations on Vacuolamoeba
acanthaformis and Dracoamoeba jomungandri can be found in appendix sections A.2.3 and
A.2.4 respectively.
1.4.2
1.4.2.1

Phylogenetic analyses
325 gene analyses
The results of Bayesian analysis using 325 protein-coding genes (102,140 amino acid

sites) from 34 amoebozoan taxa and 6 obazoan taxa as outgroup are presented in Fig. 1.2. We
recover a fully supported (1.0 Bayesian posterior probability/100 ML bootstrap)
Acanthamoebidae lineage of Centramoebida that includes our taxa of interest. Despite the
morphological similarities shared by the amoebae of Protacanthamoeba spp.
and Acanthamoeba spp. we do not recover a sister relationship between the two representative
species in our analyses. Instead we show the deepest bifurcation lies
13

between Acanthamoeba spp. and all other taxa. Similar to the analyses of
[13] Luapeleamoeba spp. are sister to Protacanthamoeba bohemica. This clade
(Luapeleamoeba + Protacanthamoeba) is sister to Dracoamoeba jomungandri ATCC®
50982™. All internal Acanthamoebidae relationships are fully supported.

Figure 1.2

325 gene (102,140 AA sites) phylogeny of Amoebozoa rooted with Obazoa.

The tree was built using PhyloBayes-MPI v1.5a under the CAT + GTR model of protein
evolution. Values at nodes are posterior probability and ML bootstrap (BS) (1000 ultrafast BS
reps, IQ-Tree LG + Γ4 + FMIX(emprical,C20)) values respectively. Circles at nodes represents
full support in both analyses (1.0/100). Nodes not recovered in the corresponding ML analysis
are represented by an asterisk. The length of the Entamoeba branch is shown as a dashed line to
represent that its total length has been reduced by 50%. Bars along the right side of the figure
show the percent of the total data set available for each taxon. Novel data was generated in this
study for taxa whose names are bold.
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1.4.2.2

SSU only analyses
In our analysis of the amoebozoan-wide SSU data set that includes the 34 publicly

available Protostelium and Planoprotostelium (Protosteliida sensu Shadwick et Spiegel in [1])
sequences, only one (deposited as Protostelium arachisporum) had any phylogenetic affinity
with our isolates of Acanthamoeba pyriformis and Luapeleamoeba
arachisporum (formally Protostelium pyriformis and Protostelium arachisporum respectively)
Fig. 1.3. All of our isolates branch within the Centramoebida with high support although the
exact internal branching order of the group is not well resolved and both the Centramoebida and
Acanthamoebidae are paraphyletic with low support (Fig. 1.3). All other Protostelium spp.
and Planoprotostelium aurantium sequences form a separate highly supported monophyletic
group Fig. 3. We also show in our amoebozoan-wide analysis that Dracoamoeba
jomungandri ATCC® 50982™ and soil isolates Tib 84 and Tib 168 are also members of the
Centramoebida (Fig. 1.3). A full version of Fig. 1.3 showing all taxa included in collapsed clades
is shown in Additional file 6. Analyses using the centramoebid-enriched data set shows a highly
supported (97/1.0) Acanthamoebidae that is composed of five genera (Luapeleamoeba,
Protacanthamoeba, Dracoamoeba, Vacuolamoeba, and Acanthamoeba) Fig. 1.4. As in our
multigene analysis we do not recover a sister relationship
between Protacanthamoeba and Acanthamoeba, but instead show with high support the deepest
bifurcation in the Acanthamoebidae lies between Acanthamoeba and the other four genera. Our
isolates of L. arachisporum that precisely fit the description of the type strain [16, 44] form a
monophyletic group while a sequence deposited on GenBank as Protostelium
arachisporum (labelled in our trees as Luapeleamoeba sp.) branches outside the group sister to L.
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hula with full support. Vacuolamoeba spp. constitute a novel distinct lineage within the
Acanthamoebidae.

Figure 1.3

Maximum likelihood phylogeny of Amoebozoa rooted with Ophisthokonta based
on the SSU gene and 1,326 nucleotide positions.

The tree was constructed under a GTR + Γ + I model of nucleotide substitution. The
Centramoebida and Protosteliid clades are highlighted and taxa of interest are in bold. Values at
nodes are maximum likelihood bootstrap values. The length of branches depicted as dashed lines
have been reduced by 50% for presentation purposes. A full version of this figure showing all
sequences and their accessions numbers included in collapsed clades is shown in Fig. A.2.
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Figure 1.4

Maximum likelihood SSU phylogeny of 43 centramoebid taxa and six outgroup
himatismenid taxa.

A GTR + Γ + I model of nucleotide substitution was used and 1,617 unambiguously aligned sites
were included. Newly sequenced taxa are in bold. ML bootstrap and Bayesian PP values are
given for each node, black dots represent full support (100/1.0). Support values less than 50/.50
are represented with a dash and nodes not recovered in one of the analyses are represented by an
asterisk. Internal support values for the clade of Acanthamoeba spp. are not shown for graphical
limitation.
1.5
1.5.1

Discussion
Acanthamoebid phylogeny and classification
We show conclusively through molecular phylogenetic analyses that Luapeleamoeba

arachisporum n. comb., Vacuolamoeba n. g. spp., Dracoamoeba jomungandri n. g. n. sp.
ATCC® 50982™, and Acanthamoeba pyriformis n. comb. belong to a clade that includes the
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classical Acanthamoebidae (Acanthamoeba and Protacanthamoeba). The addition of these taxa
demonstrates that the group is more diverse than previously known with respect to the
morphology of its amoebae and the life cycles observed in its members as well as the
environments from which they can be isolated. Thus, here we revise the concept of
Acanthamoebidae [11].
In the original circumscription of Acanthamoebidae [11], the group was based solely on
morphological and ultrastructural characteristics uniting Acanthamoeba spp. The amoeba of
these taxa are somewhat flattened amoebae with pointed subpsuedopodia (acanthopodia)
produced from broad rounded pseudopodia. All members also make cysts that are multilayered.
Page [9] enlarged the family to include the genus Protacanthamoeba. The major distinction
between the genera is cyst morphology [9]. These are irregular and operculate
in Acanthamoeba and round and inoperculate in Protacanthamoeba. Ultrastructurally, both
genera have a distinct, laminate MTOC in the form of a plaque- or bar-shaped body [9, 11, 20].
Recently, Shadwick et al. [14] added the genus Luapeleamoeba, with its single described
species, L. hula, to the family Acanthamoebidae. They based this primarily on molecular
analyses [13, 14], given that the amoebae do not form acanthopodia and there are essentially no
cysts in L. hula. However, there is a simplified interphase MTOC [14]. In Shadwick et al.
[13, 14], as well as here, Acanthamoebidae are paraphyletic with respect
to Acanthamoeba and Protacanthamoeba with the exclusion of L. hula which is shown to be
sister to P. bohemica. We propose thus to expand Acanthamoebidae to include these
morphologically and molecularly diverse taxa, providing a diagnosis at the end of the text.
Two of the primary taxa examined here and placed in Acanthamoebidae (Acanthamoeba
pyriformis and Luapeleamoeba arachisporum) were previously classified in the sporocarpic
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genus Protostelium. The majority of protosteloid amoeba species were described by Olive [15]
uniquely on their faculty to build sporocarps, regardless of the amoebal morphology. The
sporocarp characteristics and in a lesser extent some ameobal characteristics were used to define
genera. Protostelium mycophaga was the type of the genus [16, 21, 44, 45], whose
characteristics were a relatively long-stalked sporocarp with a deciduous spore, arising from an
uninucleate amoeba (detailed in the depth in [16]). We provide new taxonomic homes for these
two species ("P." arachisporum and "P." pyriformis) here
in Luapeleamoeba and Acanthamoeba, respectively.
Acanthamoeba pyriformis is the first species of Acanthamoeba recognized to include
facultative sporocarpic fruiting in its life cycle (Fig. 1.5). Prior to this study, the life cycle of
all Acanthamoeba spp. (see [46] for variation within the genus) was limited to an active trophic
amoeba, dividing following mitosis and forming a complex cyst in adverse conditions (Fig. 1.4).
Whether sporocarpy exists but has gone unobserved in other Acanthamoeba spp. cannot yet be
decided. Hypothetically, sporocarpy could exist in more species, since most isolation methods
for Acanthamoeba use liquid media, where sporocarps cannot develop. Also, sporocarps could
be taken for a contamination or remain unnoticed. Searches for new protosteloid amoebae,
especially ones that resemble variations on the theme of A. pyriformis, using the standard
methods of collection for protosteloid amoebae [16, 47–49] may be the most fruitful way to
address this point because we often observe Acanthamoeba spp. in these collections
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Figure 1.5

Diagrammatic representation of the life cycle of Acanthamoeba pyriformis.

Red arrows indicate the known life cycle of all other Acanthamoeba spp.

In addition, maintenance of more amoeba cultures on low nutrient agar media may
stimulate fruiting in not only more Acanthamoeba spp. but also other amoebozoan lineages as
well. The introduction of substrates such as sterilized plant tissues (bark and/or leaves) or pollen
into agar cultures of amoebae has been shown to induce both sporocarpic and sorocarpic fruiting
(aggregation of many cells that leads to the production of a subaerial spore-bearing stalked
structure), in amoebae known to fruit and in others not previously known to do so [23, 50].
However, even on low nutrient agar media we have noticed that many cultures of
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phylogenetically diverse sporocarpic amoebae periodically “lose” the ability to produce
sporocarps only to “regain” it days, months, or even years later (personal observations of FWS,
AKT, LLS, and MWB). This “loss” and “gain” of sporocarps is likely due to fluctuations in the
microenvironment (especially with regards to humidity and/or the buildup of volatile compounds
in cultures when the plates are sealed with Parafilm). Until the SSU gene sequences of more
isolates resembling A. pyriformis are available, it is not possible to know if many
different Acanthamoeba spp. have been incorrectly identified as A. pyriformis based on the
production of a sporocarp, or if sporocarp production in Acanthamoeba is truly unique to this
species alone. It is worth noting that most nonclinical Acanthamoeba spp. isolates are from either
soil or aquatic environments. Acanthamoeba pyriformis, like nearly all protosteloid amoebae, is
globally distributed on decaying plant leaves and/or tree bark [13, 48, 51–54]. These
environments, to our knowledge, have not been surveyed for the presence of Acanthamoeba spp.
and may harbor additional species (see [47, 48] and [49] for methods). Currently, all recognized
species of Luapeleamoeba display sporocarpic fruiting [14] and it was L. hula, as undescribed
species LHI05, that was referred to as a known sporocarpic member of Centramoebida in [1].
Amoebae of L. arachisporum are much more similar to those of L. hula than they are to those
of Protacanthamoeba (Fig. 1.1 g-o).
Despite the slower motility and the morphological variation of Dracoamoeba
jomungandri compared to other acanthamoebids, Dracoamoeba does display acanthopodia at
times (Fig. 1.1 t, v, w). Through careful examination of the transcriptomic data and culture
observations, there is no reason to believe that contamination is responsible for the phylogenetic
attraction of this organism to the acanthamoebids. Additional work to examine the fine structure
of Dracoamoeba and Vacuolamoeba should be pursued to search for the presence of interphase
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MTOC’s, like those found in Luapeleamoeba [14], Acanthamoeba (i.e., [46]),
and Protacanthamoeba (i.e., [46]). However, given the structure of both our single and
multigene phylogenetic trees, knowledge of the presence or absence of an interphase MTOC is
not necessary to include the taxa in the acanthamoebid lineage of Centramoebida.
Presently, formal descriptions of both Luapeleamoeba sp. (deposited on GenBank as "P.
arachisporum" under FJ766485) and Vacuolamoeba sp. (Tib 168) are here foregone, each for a
different reason. A culture of Luapeleamoeba sp. (FJ766485) is no longer available. Although
high quality micrographs of the amoebae of this species exist, unfortunately only poor-quality
low magnification micrographs of sporocarps are available [55]. However, the sporocarps of this
species have only ovate spores rather than peanut-shaped spores. Since sporocarp characteristics
are of primary importance to identify protosteloid amoebae, additional isolations and
micrographs correlated with sequences are needed for a proper description. We also do not
assign Vacuolamoeba sp. to the newly described species V. acanthoformis, since only partial
SSU sequences were obtained.
1.5.2

Origins of the Acanthamoebidae and the Centramoebida
The unexpected diversity of Acanthamoebidae revealed by the present study has

interesting implications for possible evolutionary patterns. One of the most interesting of these is
suggested by presence of protosteloid sporocarpic fruiting scattered among the Acanthamoebidae
and their centramoebid relatives.
The ability to form sporocarps is found in phylogenetically and morphologically diverse
clades across the tree of Amoebozoa [13, 56], and, so far, nowhere else in eukaryotes, despite
concerted efforts to find them. As more phylogenetic data on more amoebozoan species
accumulate it seems that sporocarpic taxa are far more widely distributed across groups of
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amoebae than previously suspected [13, 22, 57]. The present study now extends this to the
Acanthamoebidae showing that it includes both sporocarpic amoebae and apparently nonsporocarpic taxa. By doing so we continue to show this trend also exists in the Acanthamoebidae
and the Centramoebida sensu [2] as a whole, being found in Acanthamoeba, Luapeleamoeba,
and Endostelium. The origin and evolution of sporocarpic fruiting is contentious among
amoebozoan researchers [13, 57, 58]. This is further complicated by the patchy distribution of
sporocarpic fruiting and a complete lack of information on molecular and physiological traits
that induce and regulate sporocarp formation. Thus, Centramoebida have a number of
characteristics that make them potentially useful for testing hypotheses about the evolution of
sporocarpy.
Within the Acanthamoebidae or more broadly in the Centramoebida, sporocarpic taxa
share a number of common developmental features. The sporadic distribution of these features
suggests the possibility that sporocarpic fruiting had a common origin in these clades. For
example, in both A. pyriformis and L. hula the sporocarp stalk forms in an invagination of the
developing sporocarp [14, 58]. Fruiting development in L. arachisporum and L. sp. has not been
studied in enough detail to know whether this is the case in these species as well. Development
in the fruiting pellitid amoebozoans (Pellitidae) in the genus Endostelium is similar to that seen
in both A. pyriformis and L. hula [13, 14, 23, 44, 49]. All fruiting centramoebids, sensu [2] have
stalks with a solid, knob-like apophysis that inserts into an invagination in the mature spore
[13, 14, 23, 44, 49]. It must be noted that in no species of protosteloid centramoebids do spores
in any way correlate with cyst morphology, e.g., compare Fig. 1.1 a-c to e. If these common
features are homologous as current, albeit still limited evidence suggests, then the most
reasonable interpretation would be that the last common ancestor of centramoebids was a
23

protosteloid amoeba, and that those exclusively non-fruiting members would have lost this
ability. Thus, centramoebids could prove to be a useful model system to understand evolution of
gains and losses of complexity.
Potential losses of sporocarpic fruiting acanthamoebids is consistent with what appears to
be a evolutionary trend across Amoebozoa. That is the loss of complexity in the descendants of
more complex common ancestors. Unequivocal examples of such loss of complexity are already
documented for Amoebozoa, e.g., multiple losses of sex [56, 59] and flagellate states [13].
1.6

Conclusion
Our expansion of Acanthamoebidae in this study increases the known diversity in

morphology, life history, and phylogenetic depth of a clinically and environmentally important
group. These results illustrate that Acanthamoebidae has the potential to be model system and is
representative of evolutionary trends in Amoebozoa. Future studies interested in genome
reduction leading to loss of complexity should consider investigating this particular system.
1.7

Taxonomic Appendix
Acanthamoeba pyriformis n. comb. (Olive & Stoianovitch 1969) Spiegel & L. Shadwick

2016
Due to the lack of type material (strain NE-65-67, Olive and Stoianovitch 1969)
availability we are designating strain CR15 as a neotype specimen.
Neotype material: Type culture was deposited at CCAP accession number 1501/19.
Neotype habitat: Leaf litter from a deciduous forest in Costa Rica.
Neotype sequence: The partial SSU of the type strain has been deposited on NCBI
GenBank accession number KX840327.
24

Description: Sporocarp morphometrics were not taken for this material because all
fruiting bodies fell within the known size range reported by Olive and Stoianovitch (1969) [44]
for the original isolate; however, since they did not carefully describe the amoebae and cysts in
their study, we here provide a more detailed description of these cells.
During locomotion amoebae are flat in cross section and vary from nearly circular in
outline to flabellate to elongate to sometimes branching. Locomoting amoebae are typically
longer than they are wide along the axis of motility but may occasionally be wider than long.
Mean cell length is 26.9 μm (standard deviation = 4.2 μm, n = 30) and mean cell breath is 19.3
μm (standard deviation = 3.8 μm, n = 30). The leading edge of the locomoting amoeba is a
lobose, hyaloplasmic pseudopodium that typically supports acanthapodia. The pseudopodium
usually makes up 20-25% of the length of the amoeba. Acanthopodia may extend from all
around the circumference of the cell. There is typically no uroid. The granular cytoplasm
contains a single, spherical to subspherical nucleus (mean diameter is 5.1 µm) with a central to
slightly eccentric nucleolus (mean diameter is 2.3 µm) that is never more than half the diameter
of the nucleus, and often less. There is usually a single contractile vacuole that is typically
located posterior to the nucleus in locomoting cells within a distance of one nuclear diameter. At
diastole, the contractile vacuole is equal to or greater in diameter than the nucleus. When cells
round up during mitosis (not illustrated), they become circular in outline with short acanthapodia
radiating from their entire circumference. These acanthapodia are present from prophase
through early cytokinesis. Cysts are mostly isodiametric with stellate knobs, with a mean
diameter of 13.1 µm (n=3). The cyst walls appear to have only one wall layer when viewed with
light microscopy. Sporocarps develop from a prespore cell that develops as an amoeba rounds
up and becomes refractile. Just before stalk deposition begins the prespore cell assumes an
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ellipsoid shape then becomes nearly spherical. The prespore transitions to the sporogen stage as
stalk deposition begins. The sporogen is obpyriform, and the stalk is deposited in an
invagination of the narrowed lower portion of the sporogen. At maturity, the sporogen lays
down a spore wall and becomes an obpyriform spore with an invagination into which the apex of
the stalk is inserted. The spore is deciduous and is easily removed from the stalk by air currents.
Before the spore is shed, it waves around, flags, readily in air currents. The stalk is several times
the diameter of the spore in length and tapers upward from a distinct basal disk to a narrow
column. When the spore is shed, the apex of the stalk, which was inserted into the invagination
of the spore, can be seen to swell into a knob-like swelling, the apophysis, that appear to be solid
when viewed with light microscopy.

Luapeleamoeba arachisporum n. comb. (Olive & Stoianovitch 1969) Tice & Brown
2016
Due to the lack of type material (strain Hi-49, [44]) availability we are designating strain
OG15 as a neotype specimen.
Neotype material: Type culture was deposited at CCAP accession number 2545/1.
Neotype habitat: leaf litter from a deciduous forest in Mississippi, USA.
Neotype sequence: The partial SSU of the type strain has been deposited on NCBI
GenBank accession number KX840323.

Description: Sporocarp morphometrics were not taken for this material because all
fruiting bodies fell within the known size range reported by Olive and Stoianovitch (1969) [44]
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for the original isolate; however, since they did not carefully describe the amoebae and cysts in
their study, we here provide a more detailed description of these cells.
During locomotion, the amoebae are shallowly dome-shaped in cross section, resembling
a shield volcano (thus the genus name Shadwick et al. 2016). Locomoting amoebae range from
nearly circular in outline to flabellate to elongate. Amoebae are as often wider than long as
longer than wide with respect to the axis of locomotion. Mean cell length is 19.8 μm (standard
deviation = 2.58 μm, n = 33) and mean cell breath is 15.4 μm (standard deviation = 2.78 μm, n =
33). The leading edge of a locomoting amoeba consists of a broad, hyaloplasmic, lobose
pseudopodium from which extend numerous short, triangular, blunt subpseudopodia. The
pseudopodium makes up between 15-20% of the length of the cell during locomotion.
Subpseudopodia may extend from any part of the cell. There is usually no uroid. The granular
cytoplasm contains a single nucleus (mean diameter is 4.9 µm) with a single, central nucleolus
(mean diameter is 2.4 µm) that is usually more than half the diameter of the nucleus as whole. A
large contractile vacuole is located just posterior to the nucleus during locomotion, usually less
than one nuclear diameter from the nucleus, and it is usually greater in diameter than the nucleus
at diastole. Sporocarps develop as an amoeba rounds up to form a refractile prespore cell that is
nearly circular in outline. As the prespore cell develops into a stalk-depositing sporogen, it is
more or less spherical. Once stalk deposition is complete, the sporogen develops into a spore
either by laying down a spore wall and remaining nearly spherical or, more frequently, changes
shape to become ovoid to sausage-shaped to peanut-shaped before laying down a spore wall.
Observations have not been made to determine if the spore changes shape continuously as is the
case in L. hula [14]. The spores are deciduous and flag readily in air currents. The stalks vary
considerably in length, but are usually several times longer than the width of the spore. The stalk
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sits on a basal disk above which is a wide base that accounts for perhaps 5-10% of the total
length of the stalk. The stalk then suddenly narrows and the remainder of the stalk is narrow and
tapers slightly toward the apex. The very apex of the stalk widens to form a solid-appearing
knob-like apophysis that is fully visible when the spore has been shed. The base of the
apophysis is visible in the intact sporocarp, suggesting that the apex of the stalk is inserted into a
shallow invagination at the base of the spore.

Vacuolamoeba n. g. Tice , Geisen, & Brown 2016
Diagnosis: Irregular shaped amoebae, pseudopods variable with anterior hyaloplasmic
lamellopodial extensions free of inclusions. Acanthopodial extensions can form from all areas of
the cell body. Occasionally cells produce uroid with lamellopodial form that includes filose
uroidal extensions. Cells most often with 1 vesicular nucleus with a central nucleolus. Cells have
2 nuclei have been observed. Cell body often has many ca. 4-5 vacuoles, sometimes with one or
more contractile vacuoles. Cysts round to irregularly shaped with a single wall. Cysts usually
form individually rather than in clusters.
Type species: Vacuolamoeba acanthoformis n. sp.

Vacuolamoeba acanthoformis n. sp. Tice , Geisen, & Brown 2016
Diagnosis: Characteristics of the genus. Mean cell length or breadth is 22.5 μm
(standard deviation = 1.4 μm, n = 9). Cells are most often uninucleate with a single round
centrally positioned nucleolus. Nucleus diameter ranges from 3.2-5.5 μm (mean = 4.3 μm,
standard deviation = 0.8 μm, n = 8). Nucleolus diameter ranges from 1.1-2.2 μm (mean = 1.6
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μm, standard deviation = 0.3 μm, n = 8). Mean cyst diameter = 8.0 μm (standard deviation = 1.0
μm, n = 16).
Type habitat: High altitude soil from Tibet.
Type material: Type culture was deposited at CCAP accession number 2580/1.
Type sequence: The partial SSU of the type strain has been deposited on NCBI
Genebank accession number KX840328.
Etymology: “Vacuol” as this was the first thought upon observation of the large size and
prominence of the contractile vacuole(s). “Acantho” latin for “spine” due to the spiny nature of
the peudopodia produced and the species initial resemblance to Acanthamoeba spp.
Differential diagnosis: May upon initial observation resemble both Acanthamoeba spp.
and Protacanthamoeba spp. Spore morphology is the easiest way to distinguish this species from
any species of Acanthamoeba. Spores of this species are smooth walled and do not exhibit the
endocyst/exocyst arrangement typical of most Acanthamoeba spp. Differs from P. bohemica in
that the acanthopoida are not nearly as pronounced.

Dracoamoeba n.g. Tice & Brown 2016
Diagnosis: amoebae with ramose pseudopodia with the ability to form lamellapodium
with acanthapodial subpseudopodia. Pseudopods of all forms made up of hyaloplasm and used
for locomotion and feeding. Cell body made of granuloplasm.
Type species: Dracamoeba jomungandrii n.sp.

Dracoamoeba jomungandri n. sp. Tice & Brown 2016
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Diagnosis: Characteristics of the genus. When attached to the surface of a culture flask
amoebae exhibit long, tapering thin ramose psuedopdia that can for from all sides of the main
cell body. Amoebae in this state range from 33 μm - 87 μm (mean = 57.6μm, standard deviation
= 15.6 μm, n = 34) long. The width of the cell body ranges from 3 μm- 12 μm (mean = 6.2μm,
standard deviation = 2.4 μm, n = 34). Psuedopodia are composed of hyaloplasm while the main
body of the cell is granuloplasmic in nature. Amoebae do not form uroids. No cysts have been
observed. Upon starvation amoebae will shrivel up and detach from the surface. These amoebae
will remain suspended in the water column or float on the surface of the water.
Type habitat: moist soil from mud flat approximately 800 yards from the ocean,
Chincoteague, VA.
Type material: type culture deposited with the American Type Culture Collection as
Stereomyxa ramosa. Accession number 50982.
Type sequences: Raw sequence data can be obtained through the MMETSP webportal.
Transcriptome accession id MMETSP0439.
Etymology: Dracoamoeba “Draco” latin meaning “dragon”, as any forms of this amoeba
resemble a dragon. “jomungandrii” after Jörmungandr, the oceanic sea serpent of norse
mythology.

●Discosea Cavalier-Smith et al. 2004

●●Centramoebia Cavalier-Smith et al. 2016

●●●Himatismenida Page 1987
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(Cochliopodium, Parvamoeba, Ovalopodium)

●●●Centramoebida Rogerson & Patterson 2002

●●●● Pellitidae Smirnov and Kudryavtsev 2005
(Pellita)

●●●● Goceviidae Smirnov et al. 2011
(Gocevia, Paragocevia, Endostelium)

●●●●Balamuthiidae Cavalier-Smith et al. 2004
(Balamuthia)

●●●●Acanthamoebidae Sawyer and Griffin 1975 renewed definition Tice et al. 2016
(Acanthamoeba, Luapeleamoeba, Protacanthamoeba, Dracoamoeba, Vacuolamoeba)

Diagnosis
Flattened to dome shaped amoebae with flabellate-type psuedopodia some with furcate
subpseudopodia. Where examined a interphase cells with a cytoplasmic microtubular organizing
center (MTOC) from laminate structure to a simple globular mass with many raditating
microtubules.

●Incertae sedis Amoebozoa: Stereomyxidae (Stereomyxa, Corallomyxa)
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CHAPTER II
PHYLOFIHSER: A PHYLOGENOMIC PACKAGE FOR RESOLVING DEEP EUKARYOTIC
RELATIONSHIPS
2.1

Abstract
The use of hundreds of protein coding genes to resolve relationships among taxa, termed

phylogenomics, is now common practice. However, no software package that includes tools for
dataset construction and post construction analyses along with an accompanying starting
database capable of resolving deep nodes in the tree of eukaryotes currently exists. To address
this issue, we have developed an easy to use phylogenomics package, PhyloFisher
(https://github.com/TheBrownLab/PhyloFisher), written in Python3. Our tool includes a starting
dataset of 240 protein coding genes from 304 eukaryotic taxa covering known eukaryotic
diversity, a novel algorithm for ortholog selection, and utilities that will perform analyses
necessary in a routine phylogenomics study.
2.2

Introduction
Molecular phylogenetic analyses have revolutionized our understanding of relationships

among eukaryotes. While the use of single to a few genes provided a wealth of information when
the practice was in its infancy, these small datasets lacked the ability to resolve the deepest nodes
in the eukaryotic tree of life [1,2]. In order to clarify these ancient divergences, molecular
phylogenetic datasets have grown in size from single to a few genes comprised of between one
and two thousand sites to hundreds of genes comprising tens of thousands of sites [3–5]. The
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labor required to construct these larger datasets is too great to be done in a non-automated
fashion. Tools have been developed to aid in phylogenomic dataset construction, for example
[6,7], but manual curation is often required to assure the dataset is free of various types of
contamination and the taxa that comprise the data set are correctly identified. Additionally,
generation of a dataset is only the beginning of phylogenomic studies that often involve analyses
of many permutations of the original dataset to explore potential artefacts in the data. Despite the
dramatic rise in the number of papers that include a phylogenomic component, no software
package that includes tools to perform a publication quality phylogenomic analysis using
proteins coding genes from start to finish and an accompanying manually curated starting dataset
capable of resolving deep nodes in the tree of eukaryotes is publicly available. To fill this gap,
we have developed a software package for the creation, analysis, and visualization of
phylogenomic datasets that consist of protein sequences we have named PhyloFisher. In addition
to software for dataset construction and post construction analyses, PhyloFisher includes a
manually curated starting dataset of 240 genes from 304 eukaryotic taxa (Figure 2.1, appendix
section B.3 and appendix figure B.1). Importantly, this dataset also includes all identified
paralogous sequences, which are annotated as such, from these 240 genes and 304 taxa. This
uniquely aids in identification of most probable orthologs. However, the tool can be used to
analyze any user provided starting dataset consisting of protein sequences derived from
eukaryotic organisms.

38

Figure 2.1

Overview of the PhyloFisher workflow and package contents

The PhyloFisher package consists of a manually curated staring database of 240 protein coding
genes and their paralogs from 304 eukaryotic taxa, a series tools to perform the essential steps of
phylogenomic dataset construction (ortholog collection, single gene tree construction, removal of
paralogs and contaminants, matrix concatenation), and many pre and post-construction analyses
necessary for a publication quality phylogenomic study.
2.3

The PhyloFisher Workflow
A standard PhyloFisher workflow begins with the user providing a set of predicted

proteins from the organism(s) they wish to add to either the provided or a custom starting
database. Information about the new data is added by the user to a required input metadata file.
This informs ortholog selection, visualization, and data manipulation scripts used in downstream
analyses and is appended to a permanent archival file later in the workflow. Based on choices
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made in the input metadata file, ortholog selection will proceed in either a novel
“phylogenetically informed” or more traditional default manner (Figure 2.2, appendix section
B.1).

Figure 2.2

Flow chart depicting the algorithm used for homolog collection by the PhyloFisher
python script fisher.py.

Briefly, each predicted proteome of new taxa to be added to the starting database are processed
through either a default route or phylogenetically aware route that utilizes the manually curated
orthologs from closely related taxa chosen by the user that are present in the starting database as
search queries against the proteomes of new taxa. Up to a user defined number of collected
sequences are reprioritized or eliminated based on a set of criteria meant to maximize correct
demarcation of the desired ortholog and related paralogs while avoiding contaminating
sequences. See supplemental materials and methods for a detailed description of the logic, third
party software and associated parameters utilized.
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For each gene in the starting database a user defined number of sequences from the input
taxon’s proteome that pass selection criteria (Figure 2, supplemental methods) are added to the
starting databases corresponding homolog alignments. The sequence receiving the highest
priority by the algorithm is demarcated as the ortholog and any other surviving sequences are
denoted as probable paralogs. Preliminary statistics can be generated to evaluate data quality
prior to computationally costly single gene alignment, trimming and phylogenetic tree
construction. Next, a sequence alignment, trimming, sequence length filtering, and single gene
tree construction script can be run on a user defined set of genes in the starting dataset (details in
appendix section B.2). The PhyloFisher workflow highly encourages manual inspection of all
single gene trees post addition of new data to prevent the inadvertent inclusion of paralogs and
sequences derived from contaminating organism in the final phylogenomic datasets. Our datasets
for each gene include manually identified and denoted paralogs, which is unique to the
PhyloFisher approach. Single gene trees are inferred using this dataset, which greatly aids in
identification of paralogs from the user’s newly added data. To ease the burden of this arduous
task, single gene trees are converted to files suitable for visualization and analysis using a newly
developed graphical/interactive software tool “Noodler” that is provided in the PhyloFisher
package. Noodler displays phylogenetic trees that are labelled with and color-coded by
taxonomic group, both color and taxonomic designation can be determined by users. The
heading of each single gene tree includes warnings for the user regarding clades of mixed
taxonomy that have high statistical bootstrap phylogenetic support (the most likely to contain
paralogs or contaminants). In the body of the tree these highly supported clades are highlighted
with a grey background and a red sphere at the node of concern. Gene tree headers also contain
information regarding the length of the alignment used to produce that particular single gene
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phylogenetic tree is provided to aid the user in consideration of statistical support values. In
addition to the taxon name each leaf representing a newly added sequence has additional
information to guide the user during manual curation such as the ortholog selection algorithm the
sequence was selected by, the position of the sequence in prioritization of all surviving
sequences from a particular taxon for that gene, and the length of the sequence in the trimmed
alignment. Users manually inspecting the tree can change the previously/premade designation of
a sequence to either an ortholog, paralog, or deletion by simple clicking the corresponding box
next to the sequence header (Figure 2.1). Once all decisions have been finalized the newly added
taxon(a)’s orthologs and paralogs are added to their respective starting databases and a set of
final summary statistics can be generated. Scripts are provided to subset genes and taxa the user
wishes to include in the concatenated matrix and single gene tree reconstruction for coalescencebased analyses.
Since phylogenomic studies are often accompanied by additional analyses in which users
manipulate or examine their dataset in a different fashion to reveal artifacts, PhyloFisher is also
equipped with a set of utilities to conduct routine analyses preformed during construction of or
on phylogenomic datasets. These include the prediction of alternative genetic codes, removal of
genes and taxa based on occupancy/completeness in the dataset, compositional bias testing, the
removal of heterotacheous and fast-evolving sites, fast taxon removal, matrix creation from
randomly resampled genes from the starting dataset, and collapsing of multiple proteomes from
the same taxon to produce a single “most complete” proteome (useful for single cell data or in
some cases users may want for closely related taxa) (Figure 2.1).
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2.4

Eukaryotic Tree Reconstruction with PhyloFisher
To demonstrate the power of our software package and its accompanying dataset we

performed a full phylogenomic analysis of the tree of eukaryotes (Figure 2.3) using only tools
available in PhyloFisher and the provided starting dataset.

Figure 2.3

Phylogenomic Tree of Eukaryotes

Phylogenetic tree for 304 eukaryotes, inferred from 240 proteins using Maximum Likelihood
(ML) (LG+4+C60-PMSF model, with an LG+ 4+C20 ML tree as an PMSF guide input tree)
in IQtree v1.6.7.1 [9]. Single gene alignments were processed with the PhyloFisher script
Forge.py. See supplemental text for details. The numbers on branches show support values from
1000 ultrafast Maximum Likelihood Bootstrap (MLBS) replicates. Highly supported clades of
high taxonomic level have been collapsed, and full ML tree is available as supplemental figure
X. This dataset consists of 66,632 amino acid sites, with the top 9000 fastest evolving sites
removed using the included fast_site_removal.py as part of the PhyloFisher package. Further
detail into the methodology may be found in the supplemental text.
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See appendix section B.4 for a detailed description of the methods used in tree
reconstruction. While much of the tree of eukaryotes has been resolved over the last decade (see
[8]), several key relationships remain undetermined. Using the PhyloFisher workflow along with
our post dataset construction analyses we now have identified the deepest nodes within the
eukaryotes. We find mostly consistent results as per other phylogenomic analyses, for example
Obazoa + Amoebozoa + CRuMs, Excavata (Metamonada + Discoba), Haptophyta +
Centroheliozoa + Ancoracysta twista, as well as Ancyromonada + Malawimonada. Interestingly,
we find that Telonemia groups with Hemimastigophora (Hemimastix and Spironema), which
represent some of the most problematic taxa in deep phylogenomic reconstructions. This clade
groups with high support sister to the SAR clade (Stramenopiles + Alveolata + Rhizaria).
Additionally, our results illustrate a close relationship between Chloroplastida + Glaucophyta +
Rhodophyta + Rhodelphis spp. + Picozoa + Cryptista. Overall our tree and accompanying
dataset of PhyloFisher represents the most phylogenetically comprehensive deep phylogeny of
eukaryotes to date.
2.5

Conclusion
PhyloFisher provides all the tools necessary to construct, quality control, and analyze

large phylogenomic datasets of many protein sequences in one easy to use software package. The
package and dataset are capable of resolving deep branches in the tree of eukaryotes.
Systematists with little bioinformatic experience can use the PhyloFisher package and its
corresponding starting database to perform publication quality phylogenomic analyses of
eukaryotic lineages in a few simple steps. For more advance users PhyloFisher provides the
flexibility to use a custom starting dataset, alter premade decisions in the provided dataset, use
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alternative software than what is provided, and change graphical aesthetics to fit their
preferences.
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CHAPTER III
THE DEVELOPMENTAL TRANSCRIPTOME OF COPROMYXA PROTEA (AMOEBOZOA,
TUBULINEA) REVEALS ALTERNATIVE PATHWAYS TO MULTICELLULARITY IN
AMOEBOZOA.
3.1

Abstract
The eukaryotic supergroup Amoebozoa is home to a fascinatingly diverse group of

mostly unicellular amoeboid organisms. Interestingly, a facultative form of multicellularity in
which single amoeboid cells aggregate to form multicellular dispersal structures, has evolved at
least twice in the group. The dictyostelid amoebae, especially the model organism Dictyostelium
discoideum, have been well studied, but relatively little is known about the aggregatively
multicellular amoeba Copromyxa protea. Here we investigate the molecular mechanisms that
allow C. protea to achieve multicellularity by analyzing gene expression data from discrete
stages in its development. We found gene expression changes dramatically at the onset of
development, but much less so between early and late developmental stages. Of the
developmentally upregulated genes we found many transcription factors belonging to
transcription factor families found across the tree of eukaryotes play a role in the multicellular
development of C. protea. Evaluation of one-one ortholog expression throughout development
supports the idea C. protea and the dictyostelids evolved aggregative multicellularity
independently. Finally, we demonstrate using phylostratigraphic and transcriptome age index
analyses that the development of C. protea and most closely adhere to the temporal model of
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evolutionary conservation during development with the period of maximal conversation being
early in development.
3.2

Introduction
Multicellularity has arisen at least twenty times independently during the evolution of

eukaryotes [1,2]. While much attention has been given to understanding how multicellularity
evolved in animals, plants, and fungi, far less research has been conducted to understand how
multicellularity arose in other eukaryotic lineages. These more familiar multicellular lineages
(animals, plants, and fungi) develop from a single cell into their multicellular forms through a
series of clonal divisions, while multicellular development in many other eukaryotes occurs
through the aggregation of many individual cells. This aggregative form of multicellularity has
evolved at least once in nearly every major assemblage of eukaryotes and presumably twice
within the eukaryotic assemblage Amoebozoa [3–10]. Once in the dictyostelids and once in the
copromyxids [5].
The dictyostelids are a monophyletic group of ~150 described species including the
model organism Dictyostelium discoideum [11]. The utility of Dictyostelium discoideum as an
attractive model organism for many areas of biological research has brought increased attention
to the group and led to the dictyostelids being one of the more well characterized and understood
groups of non-pathogenic eukaryotic microbes. All dictyostelid species exhibit multicellular
development through streaming aggregation of individual amoeboid trophic cells upon their
starvation [12]. The chemical cue that promotes the transition to multicellularity is cyclic
adenosine monophosphate (cAMP) in D. discoideum and other members of the same sub-clade
but varies among dictyostelid clade as a whole [13–16]. Development terminates in the
production of a dispersal structure that is composed of a stalk topped by a mass of dormant
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spores. The stalk of the dictyostelids in some species is acellular, but more commonly is
composed of cells from the aggregate that have undergone programmed cell death. The entire
structure is known either as a fruiting body or a sorocarp. The exact details of development and
the morphology of the resulting fruiting bodies varies between subclades and species of
dictyostelids respectively [12].
The copromyxids on the other had are a poorly studied lineage with six described species
and only a single species, the dung inhabiting Copromyxa protea, has been shown to be capable
of multicellular development [5,17]. Like the dictyostelids, multicellular development in C.
protea proceeds via the aggregation of many individual amoeboid cells. Starvation does not
appear to be a requirement for the initiation of aggregation as development can occur in thick
masses of prey bacteria, but the exact cue has not yet been convincingly demonstrated. The
developmental process and the resulting fruiting body is much less complex. Development
proceeds as initial founder amoebae encyst and other amoebae, presumably drawn in by an
unknown chemoattractant, crawl on top of the encysted founder amoebae and subsequently
encyst. This leads to the production of either a columnar or arborescent shaped fruiting body
composed of morphologically a single cell type. Differences in the gross morphology of each
group’s aggregative development, their resulting fruiting bodies, and the distant relationships of
the two groups within the tree of Amoebozoa demonstrated through molecular phylogenetics has
led to the belief multicellularity evolved independently in the two groups [5,18].
To test this hypothesis, explore commonalities and differences in the molecular tool kit
that allows C. protea to achieve multicellularity to that of the more well studied dictyostelids,
and to increase knowledge about how multicellularity has and can evolve in different eukaryotic
lineages as a whole we examined how gene expression changes throughout the transition to
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multicellularity in the aggregatively multicellular amoebozoan Copromyxa protea using RNAseq technology.
3.3
3.3.1

Materials and Methods
Isolate Information and Maintenance
Copromyxa protea strain SF15 was isolated from cow dung collected from a small farm

in Starkville, MS. Fresh dung was incubated in moist chambers for two days at room
temperature. After two days the dung was examined for the presence of sorocarps of C. protea
with a Leica M205 C dissecting scope. A small piece of a single sorocarp was transferred from
the dung it appeared on using a stainless-steel Number .15 minuten pin (BioQuip. Rancho
Dominguez, CA) to an autoclaved piece of sterile dung embedded in a water agar plate. Prior to
the addition of C. protea spores, the dung was moistened with a thick suspension of Escherichia
coli strain MG1665 cells in sterile deionized water. Several passages onto new water agar plates
with sterile dung were conducted over a one-month period to clean the culture of contaminating
eukaryotes. C. protea was maintained on sterile dung except when RNA was isolated from
desired developmental stages.
3.3.2

RNA extraction, cDNA library construction, and Illumina sequencing
Copromyxa protea spores from mature sporocarps that had developed on sterile dung

were transferred to a 1.5 ml Eppendorf tube containing a thick suspension of E. coli cells in
sterile deionized water. The tube was gently mixed by inversion ~10 times, and then the entire
contents of the tube was pipetted onto dung extract media. The dung extract agar recipe and
preparation instructions can be found in appendix section C.1.2. After approximately three days
sorocarp development began. RNA extraction and cDNA construction were carried out using
50

Smart-seq2 [19] from three replicates of three discrete developmental points in C. protea for a
total of nine libraries. Illumina libraries were constructed using a NexteraXT DNA library prep
kit (Illumina, San Diego CA). The resulting NexteraXT libraries were pooled and sequenced on
one lane of an Illumina HiSeq2000 machine at Genome Quebec. A total of 200 million 100bp
paired end reads were generated.
3.3.3

RNA-seq data processing, assembly, and annotation.
An initial assembly was done with Trinity v. 2.4.0 [20] using all sequencing reads. Then

contaminating reads belonging to E. coli and reads that mapped ambiguously between the initial
C. protea assembly and the E. coli MG1655 genome (GCF_000005845.2) were eliminated using
the bbsplit program provided in the bbtools package. A quality assessment of the remaining C.
protea data using FastQC v. 0.11.5 (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/)
was performed. The sequencing reads were corrected using Rcorrector v. 1.0.1 (Song and Florea
2015) and trimmed of low-quality bases and adapter sequences using Trimmomatic v. 0.36 [21].
These steps were followed by a post-processing quality check again using FastQC. Since no
genome is currently available for C. protea, a reference transcriptome was generated by
assembling reads from all nine developmental libraries together using RNASPAdes (kmer = 55)
[22]. Overall quality and completeness of the assembly was assessed using Transrate [23] and
BUSCO [24]. Protein prediction and functional annotation was preformed using the Eukaryotic
Non-model Transcriptome Annotation Pipeline (EnTAP) [25]. Further bacterial contamination
was removed by elimination of predicted proteins with significant hits (1e-10) produced by
blastp to bacterial proteins in OrthoMCL v. 5.0 [26].
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3.3.4

Differential gene expression and functional enrichment analyses
The trimmed and corrected sequencing reads for all developmental libraries were

individually mapped back to the C. protea reference transcriptome using RSEM [27]. Since our
culture could not be synchronized, we assessed replicate correlation for each sample to assure
replicate quality we examined spearman correlation coefficients of gene expression values for all
expressed genes. Our mapping results were also used to test for differential gene expression
between developmental stages using DESeq2 [28] and edgeR [29] through the Trinity pipeline.
Only genes that were called differentially expressed by both programs and with a significance
value of p < 0.001 and a fold change of at least four were considered differentially expressed. A
gene ontology (GO) term enrichment analysis was preformed using the Topology-Weighted
method in Ontologizer [30]. A significance threshold of p < 0.01 was used. Redundancy of
significantly enriched GO terms was reduced using REVIGO web portal with the desired list size
set to “small” and default settings for the remaining options [31]. Pfam domain enrichment
analyses were performed in R v. 3.6.1 using a hypergeometric test and an FDR < 0.05. Domains
present multiple times on a single protein were only counted once for the enrichment analysis.
3.3.5

Cross-species developmental homology analyses
The predicted proteomes of C. protea and the dictyostelid amoebae Dictyostelium

discoideum, Heterostelium pallidum, Cavendaria fasciulatum, and Tieghemostelium lacteum (see
appendix Table C.1 for NCBI accessions) were used to identify one-to-one orthologs shared
between species using the program OrthoFinder v. 2.2.6 [32]. Dictyostelium discoideum
developmental transcriptomes generated in [33], the developmental transcriptomes from the
remaining dictyostelid species generated in [34], and our nine C. protea developmental
transcriptomes were mapped back to the transcripts representing one-to-one orthologs and used
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to calculate cRPKM values. These values were log2(cRPKM + 1) transformed and further
normalized by quantile normalization. All reads were trimmed to the same length (50bp) and
only the left read was mapped for paired end datasets. Pairwise distances based on spearman
correlation coefficients were clustered and plotted using heatmap2 in R v. 3.4.2 as in [35].
3.3.6

Phylostratigraphic and transcriptome age index analyses
In order to estimate the phylogenetic origin of each protein in the C. protea predicted

proteome we ran OrthoFinder v. 2.2.6 using 58 predicted proteomes from across the tree of
eukaryotes as input appendix Table C.1. We used a parsimony approach to assign each protein in
the C. protea predicted proteome to one of eight phylostratigraphic categories. Phylostratigraphic
categories were chosen based on the phylogenomic tree of eukaryotes produced in [36] and the
phylogenomic tree of amoebozoa produced in [37] In order from most to least inclusive our
chosen categories were Eukaryotes, Amorphea, Amoebozoa, Tubulinea, Elardia +
Echinoamoebida, Elardia, Euamoebida, and C. protea specific. Once each protein had been
assigned a category the R package myTAI v. 0.9.1 [38] was used to perform the stage
enrichment and transcriptome age index analyses. For all statistical tests run in myTAI a p-value
< 0.05 was considered significant.
3.4
3.4.1

Results and Discussion
Differential gene expression and functional enrichment analyses

In order to understand the gene expression dynamics that allow C. protea to achieve
multicellularity we harvested mRNA from unicellular trophic cells, early aggregates, and late
development sorocarp tips (Figure 3.1). Since our culture could not be synchronized, each of the
three stages was identified morphologically rather than at specific time points in development.
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Per stage replicates are highly similar and all replicates are more highly correlated within
developmental stages than between developmental stages as expected (appendix Fig. C.1). Next,
we investigated which genes were differentially expressed between each of our chosen stages.
We found a total of 1947 significantly differentially expressed genes (see Material and Methods)
in comparisons of our three lifecycle stages (Figure 3.2) 390 between trophic cells and early
aggregates, 659 between trophic cells and sorocarp tips and 91 between early aggregates and
sorocarp tips. The gene expression profile of the trophic cells is strikingly different from those of
the multicellular stages, while the expression profile of the early aggregates and the sorocarp tips
are quite similar (Figure 3.2). While the level of similarity between the differential gene
expression profiles of early and late multicellular development is somewhat surprising it is not
completely unexpected due to previous observations on the mode of development which has
been compared to a “dogpile” of unicellular amoebae that subsequently develop into spores
[5,18].
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Figure 3.1

Copromyxa protea life cycle stages sampled in this study

Cartoon representations of the life cycle stages of C. protea from which mRNA was sampled. A)
trophic cells B) early aggregates C) developing sorocarp tips. The grey circle and sphere in A
represent the nucleus and central nucleolus respectively. The black arrow in C points to a
developing sorocarp tip. Figures are not drawn to scale with respect to one another.

Figure 3.2

Differential gene expression throughout the life cycle of C. protea

Heat map showing expression profiles of 1947 differentially expressed genes between replicates
of the sampled stages of the C. protea life cycle.
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To explore the two differentially expressed gene sets in a functional context we
performed functional enrichment analyses using GO terms and Pfam domains associated with
genes in each cluster. Preliminary analyses showed that the 91 genes that differ between early
and late multicellular development had no effect on functional enrichment results (data not
shown) so the remainder of downstream analyses were performed on a two gene sets our
unicellular trophic cells differentially expressed gene set and a gene set formed by merging all
differentially expressed genes from early and late multicellular development into a multicellular
gene cluster. The unicellular cluster is significantly enriched in terms associated with cell
motility, phagotrophy, and cell division while the multicellular cluster is enriched with terms
associated with cell surface activity, transcription factor activity, water transport, and
multicellular organism processes. Our Pfam domain enrichment analysis largely mirrored
information gained from the previous GO enrichment analysis with the exception the
overrepresentation of DNA binding domains associated with transcription factors which lead us
to explore the presences of transcription factors in our differential gene expression clusters. See
appendix Table C.2 for a complete list of enriched GO terms and appendix Table C.3 for a
complete list of enriched Pfam domains. Given the results of our functional enrichment analyses
and the known importance of genomic regulation during development we decided to further
explore which transcription factor classes were differentially deployed during multicellular
development of C. protea. Transcription factor belonging to the HMG box and Myb classes are
differentially expressed in trophic cells while our multicellular cluster shows significant
differential gene expression of transcription factors belonging to the bZIP, GATA, Myb, HMG
box, and TPB classes (Figrue 3.3).
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Figure 3.3

Differentially expressed transcription factors throughout the life cycle of C. protea

Heatmap showing differentially expressed genes in the life cycle of C. protea that are predicted
to be transcription factors based on the presence of conserved DNA binding domains. The
transcription factor family of each is labeled to the right of the heatmap.

All of these transcription factor families have been shown to be ancient in origin. The
TBP class has a pre-eukaryotic origin as it has been shown to be present in the genomes of
diverse archaeans, while the others are pan-eukaryotic (Myb, bZIP, HMG box) or nearly so
(GATA) [39]. However, for now we can only speculate the exact role these specific transcription
factors play in the multicellular development of C. protea.
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3.4.2

Developmental gene expression comparisons with the dictyostelid amoebae
Since studies on animals have shown that transcript abundance can be used to

demonstrate cross species homology of cell types and tissues [40–42] and has been informative
when used to look at the origin of cell types in protists [35], we decided to evaluate the
expression levels of 1678 single copy orthologs shared between C. protea and four dictyostelid
species to test if any stages potentially shared conserved developmental gene expression
programs. Our results show the separation of C. protea and the dictyostelid amoebae into distinct
clusters (Figure 3.4) suggesting a lack of homology between the aggregative developmental
stages sampled from each group. Within the dictyostelids we show co-clustering of the trophic
cells of three out of four species analyzed. We also recover as cross species clustering of the late
developmental stages of H. pallidum and T. lacteum as well as co-clustering of early C.
fasiculatum and T. lactuem developmental stages. Interestingly, ortholog expression in all
developmental stages of C. protea is least similar to expression levels for H. pallidum
development and late T. lacteum development. While all C. protea developmental stages share
the most similar expression levels with dictostelid trophic cells and continuing into early and mid
D. discoideum developmental stages the correlation is highest between C. protea trophic cells
and the aforementioned D. discoideum stages. This relatively high degree of similarity is likely
due to 1) the ancient nature of the orthologs used in the analysis 2) the high conservation of
genes expressed in dictyostelid trophic cells and 3) the fact that these conserved genes continue
to be expressed throughout early dictyostelid development as has been previously shown [43].

58

Figure 3.4

1-1 ortholog regulation in C. protea and four dictyostelid species

Symmetrical heatmap showing spearman correlation coefficients of expression profiles of 1-1
orthologs shared by C. protea and four dictyostelid species. Labels correspond to the first letter
of a taxon’s genes and species name followed by either the developmental stage (TC = trophic
cell, ES = early sorocarps, ST = sorocarp tip) or time point the sample corresponds to.
Interestingly, though we saw co-clustering of dictyostelid we did not see universal co-clustering
of clearly homologous stages of the developmental cycle of the dictyostelids. However, it is
likely our analysis fails to capture these relationships due the exclusion of inclusion of a great
number of 1-1 orthologs shared by these more closely related taxa.
We also did not account for the potential effect of pervasive correlated evolution [44]
The recent availability of genome-level data for many diverse amoebozoans [37,45–47]
allowed us to perform phylostratigraphic and transcriptome age-index analyses for C. protea and
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five dictyostelid amoebae. These analyses allowed us to investigate the evolutionary origins of
genes that make up our two differential gene expression clusters from C. protea and to
understand how the overall transcriptome age changes throughout development of all six species.
Our results show our differential gene expression cluster associated with unicellular trophic cells
is significantly enrich with genes or an early evolutionary origin. The differential gene
expression cluster associated with the multicellular developmental stages of C. protea is
significantly enriched in genes that emerged at the origin of Tubulinea and genes that are specific
to C. protea while being significantly depleted in genes with origins at the emergence of
eukaryotes, Elardia, and Euamoebida (Figure 3.5). Overall, our results match expectations as
cellular behaviors occurring in the sampled unicellular trophic cells (such as cell motility via
actin-based pseudopodium, phagotrophy, and mitotic division) are all behaviors thought to have
an early origin in the evolution of eukaryotes [48,49] and the independent evolution of the
aggregative behavior exhibited by C. protea would likely involve genes of a species-specific
nature (or genus-specific, given our limited sampling of copromyxids) and less eukaryotic wide
genes.
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Figure 3.5

Phylostratum enrichment in differentially expressed gene clusters

Heat map showing expression profiles of 1947 differentially expressed genes between sampled
stages of the C. protea life cycle. To the right of the heatmap are two histograms showing
significant enrichment and depletion (Fisher’s exact test) of phylostrata for the unicellular cluster
and the multicellular cluster. Phylostrata and color code are in the top right corner. Asterisks
over histograms represent level of significance * = p < 0.05, **= p < 0.01, ***= p < 0.001.
Also, our observation that our second (Euamoebida) and third (Elardia) least inclusive
phylostrata were significantly depleted in our multicellular differential gene expression cluster
while the more inclusive Tubulinea phylostratum was enriched conflicts with the idea that genes
of the youngest origins will be utilized more during multicellular development than genes of
older orgins, and suggest potentially that some genes with an origin in the last common ancestor
of Tubulinea have been co-opted for functions involved in the multicellular development of C.
protea.
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We also analyzed how the overall transcriptome age changes during development by
calculating the transcriptome age index [50] of C. protea and five dictyostelid amoebae. Briefly,
the transcriptome age index is a metric that considers the phylostratum a gene is binned in and its
expression level. Evolutionarily older phylostrata are assigned lower numbers than evolutionary
younger ones. Therefore, as the transcriptome age index value increases the predicted
evolutionary age of the transcriptome decreases. Previous studies have shown the transcriptome
age during the development of some animals [50], plants [51], fungi [52], and the ichthyosporean
protist Sphaeroforma arctica [53] resemble an hourglass shape. This hourglass shape is due to
expression of the evolutionary oldest and most conserved genes at mid development. While a
previous study on D. discoideum and D. purpureum that was similar in nature, due to the lack of
genome level data from diverse amoebozoans at the time was unable to use the transcriptome age
index method applied in aforementioned studies, suggested that the two dictyostelids follow a
novel pattern of conservation throughout their development they referred to as an inverse funnel
[54].
The transcriptome age index profiles of all six species significantly deviate from a flat
line (Table 3.1, Figure 3.6) suggesting differential usage of phylostrata occurs during the
development of all species. While our C. protea dataset is admittedly limited in the number of
timepoints/stages sampled, preliminary analyses show an overall significant trend of early
expression of the most conserved genes with younger. When we examine the more highly
sampled dictyostelid data, the transcriptome age index profiles of D. discoideum, D. purpureum,
T. lacteum, and H. pallidum significantly follow a pattern of early conservation with
evolutionary younger genes being expressed at higher levels later in development (Table 3.1,
Figure 3.6). The profile of C. fasiculatum follows a reverse hourglass pattern caused by genes of
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an evolutionarily younger age being expressed at high levels in mid development and low levels
early and late in development.
Table 3.1

myTAI statistical test results for C. protea and five dictyostelid species

Species
C. protea

my TAI Test
p-value
FlatLineTest
1.04E-11
ReductiveHourglassTest
1
EarlyConservationTest
5.55E-09
ReverseHourglassTest
0.8338353
D. discodeum
FlatLineTest
6.77E-18
ReductiveHourglassTest
0.988428
EarlyConservationTest
0.007592533
ReverseHourglassTest
1
D. purpureum
FlatLineTest
1.02E-11
ReductiveHourglassTest
1
EarlyConservationTest
1.07E-06
ReverseHourglassTest
0.9998583
C. fasiculatum
FlatLineTest
1.34E-12
ReductiveHourglassTest
1
EarlyConservationTest
0.9999834
ReverseHourglassTest
1.33E-06
T. lacteum
FlatLineTest
3.61E-08
ReductiveHourglassTest
1.00E+00
EarlyConservationTest
0.000355212
ReverseHourglassTest
1
H. pallidum
FlatLineTest
9.37E-10
ReductiveHourglassTest
1
EarlyConservationTest
4.83E-06
ReverseHourglassTest
0.000374913
Results of all developmental conservation model tests available in the myTAI R package for
each tested species. Significant results are bolded.
The results of the reverse hourglass test for the transcriptome age index profile H. pallidum are
also significant, but to a lesser degree than for the early conservation test (Table 3.1, Figure 3.6).
Interestingly, the reverse hourglass pattern has only ever been observed in animals with spiralian
development (mollusks, annelid worms and others) [55]. Though our results for D. discoideum
63

and D. purpureum are in conflict with the findings of [54], a similar investigation employing a
different methodology, the authors readily admit that they should remain open to alternative
explanations due to their observation that the greatest number of genes known to cause
developmental defects in D. discoideum are expressed early in development suggests that the
time of greatest conservation would be early. Our results support this idea for all dictyostelid
amoebae analyzed with the exception of C. fasiculatum.
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Figure 3.6

Transcriptome age index throughout development in C. protea and five
dictyostelid species

Line graphs showing how the age each transcriptome changes throughout development for C.
protea and five dicytostelid amoebae. The transcriptome age index is plotted on the y-axis and
the developmental stage of C. protea (TC = trophic cell, ES = early sorocarps, ST = sorocarp tip)
and time point of development in hours for the five dictyostelids are plotted on the x-axis. The
higher the value of the transcriptome age index the younger overall the transcriptome is. P-values
for the most significant result from all developmental conservation model tests available in the
myTAI are shown in the top left corner of each plot. p_ect = EarlyConservationTest and prhgt =
ReverseHourglassTest.
We also investigated the contribution of each phylostratum to the overall transcriptome
age index to visualize which phylostrata were influencing the overall transcriptome age index
pattern throughout development (Figure 3.7). In all cases, the profile of the youngest two
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phylostrata appeared to drive the overall transcriptome age index profile. Since the transcriptome
age index formula is designed to give greater weight to genes of younger age (since there should
be fewer of them [51]), we removed the two youngest phylostrata from each dataset and
evaluated if this changed the significance of our results we obtained using all phylostrata.
Removal of the two youngest phylostrata did not affect the significance of any of our results
(data not shown) with the exception of marginal significance for H. pallidum (p = 0.0567,
EarlyConsrvationTest from [38]).
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Figure 3.7

Contribution by phylostratum of the overall transcriptome age index

Line graphs showing the contribution of each phylostratum to the overall transcriptome age
index for C. protea and five dictyostelid species. The transcriptome age index is plotted on the yaxis and the developmental stage of C. protea (TC = trophic cell, ES = early sorocarps, ST =
sorocarp tip) and time point of development in hours for the five dictyostelids are plotted on the
x-axis. The higher the value of the transcriptome age index the younger overall the transcriptome
is.
3.5

Conclusion
We have used low input RNA extraction methods combined with RNA-seq to explore the

molecular toolkit deployed by C. protea during multicellular development. We have shown that
while gene expression changes between unicellular trophic amoebae and early or late
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multicellular developmental changes are strikingly different, gene expression at the onset and
end of multicellular development is strikingly similar. We have demonstrated through functional
enrichment analyses that a number of pan-eukaryotic transcription factors play a key role in
genome regulation during multicellular development. We show that although similar in their
aggregative mode of development, multicellularity has evolved independently in the
copromyxids and dictyostelids as would be expected based on the phylogenetic distance and ~1.2
billion years of divergence between the two groups [37,56]. The recent influx of a large amount
of genome level data for amoebozoans allowed us to perform phylostratigraphic analyses. We
show that a significant number of genes that emerged during the evolution of the amoebozoan
clade “Tubulinea” are deployed during multicellular development of C. protea, perhaps
suggesting that these genes perform separate roles in unicellular members of the group and have
been co-opted to allow multicellularity. We also demonstrate through transcriptome age index
analyses that neither C. protea nor any of the transcriptomes we sampled exhibit a period of
maximum developmental conservation (that is, a developmental period with the lowest
evolvability due to complex interactions causing large developmental effects of any mutations) at
mid-development (as in more complex multicellular lineages like plants, fungi and some
animals), but instead show a pattern that exhibits maximum conservation in early development
which fits the temporal model of evolutionary conservation during development. Future work is
still needed to elucidate the exact role of the many genes that are differentially expressed during
multicellular development of C. protea and to further elucidate the mechanisms that allow
multicellularity in this amoeboid protist. Determining the chemical nature of the chemoattractant
responsible for aggregation initiation also needs to be further explored.
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CHAPTER IV
CLOSING REMARKS
My work has resolved both shallow and deep nodes within the tree of eukaryotes and
represents the first attempts to understand convergent evolution of multicellularity in the
supergroup Amoebozoa. In my first chapter, I used molecular phylogenomic and phylogenetic
analyses combined with classical light microscopy to show the presence of a previously
unknown spore forming lifecycle stage in the genus Acanthamoeba, a well-studied group of
opportunistic human pathogens. I also showed this lifecycle stage to be present in many of the
lineages most closely related to this genus, suggesting that the last common ancestor of the group
may have had a complex life cycle that included spore formation. I characterized a new genuslevel lineage and redefined the makeup of the acanthamoeba assemblage. In doing this I
demonstrated that the previously held notion of the sister relationship between the
morphologically similar genera Acanthamoeba and Protacanthamoeba spp. is incorrect and that
this similarity in form likely arose through convergence. In my second chapter I improved upon
the methodology I used for the phylogenomic analyses performed in my first chapter. I did this
through the development of a novel “phylogenetically aware” algorithm for retrieving
orthologous sequences from genomes and transcriptomes. The algorithm is included in the
software package I developed to ease the burden of performing phylogenomic analyses for
systematists, including those with very little bioinformatic or computational biology experience.
I then used the algorithm and additional software developed included in the package to construct
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a sequence database of 240 genes from 304 eukaryotic taxa for use in phylogenomic analyses. I
used the resulting dataset to reconstruct a highly resolved eukaryotic tree of life demonstrating
high support for the placement of deep lineages with previously contentious phylogenetic
positions within the tree of eukaryotes. In my final chapter, I used developmental transcriptomics
to examine the evolution of multicellularity within the eukaryotic supergroup Amoebozoa. I
showed that the set of genes expressed at the onset of multicellularity in the aggregatively
multicellular amoeba Copromyxa protea exhibits a high degree of similarity to the set expressed
in late development. I showed that C. protea and the dictyostelid amoebae regulate shared singlecopy orthologs differently throughout their developmental programs providing an additional
piece of evidence that aggregative multicellularity in the two groups is due to convergent
evolution. I also showed a significant number of genes that emerged early in the evolution of the
major amoebozoan lineage C. protea, a member of (Tubulinea), are upregulated during the
organisms transition to multicellularity. Finally, I provided evidence that C. protea and most of
the dictyostelids fit the model of early developmental conservation unlike the complex
multicellular lineages examined to date.
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APPENDIX A
CHAPTER I SUPPLEMENTAL MATERIAL
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A.1
A.1.1

Materials and Methods
Culturing and maintenance
Luapeleamoeba hula ATCC® PRA198™, "Stereomyxa ramosa" ATCC® 50982™,

Pellita catalonica ATCC® PRA25™, Endostelium zonatum ATCC® PRA191™ were purchased
from the American Type Culture Collection®. Acanthamoeba pyriformis isolate CR15 and four
isolates of Luapeleamoeba arachisporum (PKB06-4L-1, AMFD, OG15, CR15) were isolated
using techniques outlined for “protostelids” in Spiegel et al. 2007. Protacanthamoeba bohemica
isolate TT3H was provided by Dr. Martin Kostka. Soil isolates Tib 84 and Tib 168 were isolated
and maintained as in Geisen et al. 2014. Endostelium zonatum, Luapeleamoeba hula,
Acanthamoeba pyriformis, and all isolates of Luapeleamoeba arachisporum were maintained on
wMY agar plates (0.002 g malt extract, 0.002 g yeast extract, 0.75 g K2HPO4 and 15 g agar / L
distilled ddH2O) inoculated with Sphingomonas sp. Strain FLAVO ATCC® BAA-1467™.
"Stereomyxa ramosa" ATCC® 50982™ was grown in ATCC® medium 1525 (Seawater
ATCC® medium 802) in association with Klebsiella pneumoniae. Protacanthamoeba bohemica
was grown on wMY agar plates with K. pneumoniae as a food source.
A.1.2

DNA extraction
DNA for PCR from L. arachisporum isolate PKB06-4L-1 was obtained using the Chelex

method [1] as described in [2]. DNA was extracted from L. arachisporum isolate CR15 and A.
pyriformis isolate CR15 by collecting cells using a flame sterilized inoculation loop and placing
them into PCR strip tubes containing 100 μL of QuickExtract (Epicentre, Madison, WI, USA).
Tubes were then placed in a thermocycler at 65 °C for 6 min followed by 98 °C for 2 min per the
manufacturer’s protocol. DNA was extracted from isolate L. arachisporum isolate AMFD by
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flooding and scraping the agar plate containing actively growing amoebae with guanidine buffer
(Chomczynski and Sacchi 1987), and transferred to a 1.5 ml centrifuge tube. The pellet obtained
after centrifugation was resuspended in 50 μL of guanidine buffer, left at 72 °C for 10 min,
centrifuged. The DNA in the supernatant was precipitated with 50 μL of isopropanol and kept
overnight at -20 °C. After centrifugation, the pellet was resuspended in 30 μl of buffer AE of the
DNeasy plant mini-kit (Qiagen, Hilden, Germany). DNA extraction for isolates Tib 84 and Tib
168 were performed as described in [3].
A.1.3

PCR of SSU rRNA genes
The SSU rDNA gene sequences were obtained for L. arachisporum isolates PKB06-4L-

1, CR15, and A. pyriformis isolate CR15 by PCR using the universal eukaryotic primers “A” and
“B” [4]. Reactions were done in 25 μL total volume using GoTaq® Green Master Mix
(promega, Madison, WI). The cycling parameters for L. arachisporum isolate PKB06-4L-1 are
the same implemented in [5]. The following conditions were used for L. arachisporum isolate
Pa-CR15 and A. pyriformis isolate CR15: 95 °C for 3 min, followed by 35 cycles of 95 °C 30 s,
50 °C for 25 s, and 72 °C for 2.5 min ending with a single cycle of 72 °C for 5 min. The nearly
complete SSU sequence of L. arachisporum AMFD was obtained in two overlapping fragments,
with the following combinations of primers: S1/SR13, and S12m/RibB [6]. Amplification
parameters for L. arachisporum isolate AMFD were as follows: 94 °C, 2 min, followed by 30
cycles of 94 °C, 30 s; 53 °C, 30 s; 72 °C, 1 min; a final elongation step at 72 °C for 5 min.
Amplicons of L. arachisporum isolates PKB06-4L-1 and Pa-CR15 along with A. pyriformis
isolate CR15 were ligated into the pCR4-TOPO plasmid (Invitrogen, Carlsbad, CA) and
transformed into Top10 chemically competent Escherichia coli cells. Recombinant plasmid
clones were fully sequenced in both orientations using vector and internal primers by Sanger
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Sequencing. PCR and sequenceing for isolates Tib 84 and Tib 168 were performed as described
in [3].
A.1.4

cDNA library preparation and next-generation sequencing
A loop made from 0.20 mm platinum wire (Surepure Chemetals, Florham Park, NJ,

USA) was used to collect ~50-100 cells from a feeding front of A. pyriformis isolate CR15 and
P. bohemica isolate TT3H. The loops containing amoebae were each placed into separate 200μLmicrocentrifuge tubes containing a lysis buffer [7]. Total RNA was extracted from both using a
modified version of Smart-seq2 [7]. The modification to the protocol was the addition of six
rounds of a freeze-thaw cycle in -80 °C isopropanol and ~21 °C H2O respectively to assure that
lysis of the cells occurred. The result from this protocol is full-length double stranded cDNA.
This ds-cDNA is further quality controlled as follows; each ds-cDNA preparation is quantified
using Qubit High Sensitivity dsDNA Assay (Life Technologies, Carlsbad, CA, USA). Then the
Qubit assay (1:200 dilution of the ds-cDNA preparation) was used as a template for a size PCR
assay. The PCR reaction includes 1.0 µL (1:200 dilution), 6.25 µL GoTaq Green Master Mix
(2x) (Promega, Madison, Wisconsin, USA), 1.0 µL ISPCR (5’- AAG CAG TGG TAT CAA
CGC AGA GT (Picelli et al. 2014)) primer (10 µM) and 4.25µL PCR-grade H2O. PCR
conditions: 98 C 3 min, 21 cycles (98 C 20 s, 67 C 15 s, 72 C 6 min), 72 C 5 min, and hold
4 C. After this PCR run, the reactions were electrophoresed on a 1.8% agarose gel in Tris-Boric
Acid EDTA (TBE) with ethidium bromide and imaged under a UV transilluminator.
The resultant ds-cDNA generated from the Smart-seq2 method [7] is used as the starting
material for tagmentation with a Nextera XT DNA Library Preparation Kit (Illumina, San Diego,
USA) following the manufacturer’s protocol. The resultant dual-indexed Illumina libraries were
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quantified using Qubit High Sensitivity dsDNA Assay. The size of each library was estimated as
follows; each library quantification reaction used for the Qubit assay (1:200) was used as a
template for subsequent PCR of each Illumina indexed library using Then the Qubit assay (1:200
dilution of the Nextera XT library) was used as a template for a size PCR assay. The PCR
reaction includes 1.0 µL (1:200 Qubit assay dilution), 5.0 µL GoTaq Green Master Mix, 0.5 µL
IlluminaF (5’ – AAT GAT ACG GCG ACC AC) at 10 µM and 0.5 µL IlluminaR (3’ – CAA
GCA GAA GAC GGC AT) at 10µM (Oligonucleotide sequences © 2016 Illumina, Inc. All
rights reserved), and 3.0 µL PCR-grade H2O. PCR conditions: 98 C 45 s, 20 cycles (98 C 25 s,
47 C 30 s, 72 C 1.5 min), and hold 4 C. After this PCR the reactions were run on a 1.8%
agarose gel in TBE with ethidium bromide and imaged under a UV transilluminator. The average
size of the library is estimated from this 1.8X TBE agarose gel. Library molarities are calculated
using the follow approach. First the average molecular weight (MW) of each library is calculated
by MW=(Average Library Size in basepairs * 607.4+157.9). The nanomolarity of each library is
calculated by nM=(MW/Qubit Concentration (in ng/ul)*1,000,000).
A.1.5

SSU sequences acquired from transcriptomes
Raw sequence data from the RNAseq project of “Stereomyxa ramosa” ATCC® 50982™

was obtained from the Marine Microbial Eukaryote Transcriptome Sequencing Project
(MMETSP) (MMETSP0439) [8] and assembled in-house in order to search for the SSU rRNA
gene within the data. The SSU rRNA gene from both the above “Stereomyxa ramosa” ATCC®
50982™ data and our P. arachiporum OG15 data were obtained bioinformatically from the
transcriptomic assemblies. To do this clusters from the assemblies of "Stereomyxa ramosa" and
our L. arachisoporum OG15 data were collected and a blastable nucleotide dataset was compiled
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from each. The SSU rRNA gene was identified in both of these taxa using Acanthamoeba
astronyxis (AF019064) SSU rRNA gene as a blastn query.
A.1.6

SSU rDNA phylogenetics
To test if our isolates L. arachisporum and A. pyriformis (originally described as

Protostelium arachisporum and Protostelium pyriformis respectively) could have genetic
affinities with other Protostelium or Planoprotostelium spp., we assembled their SSU sequences
with the 35 sequences available in GenBank, to a seed alignment of 77 other representative
amoebozoan sequences and 16 opisthokont sequences as an outgroup. In order more precisely to
establish the relationships of our isolates to other centramoebids the eight novel SSU sequences
obtained here were added to a dataset comprised of 35 centramoebid sequences. We used six
members of Himatismendida as a close outgroup (based on results from our multigene analysis),
allowing for the usage of more phylogenetically informative sites than the more taxon rich
dataset above. Sequences for both data sets were aligned using MAFFT v7 [9] and ambiguous
sites were removed by hand in Seaview v3.2 [10]. Maximum likelihood (ML) trees for both data
sets were built using RAxML v8.2.4 under a GTR + Γ + I model of nucleotide substitution (25
discrete rate categories). The topology of each best-scoring tree was evaluated by 1,000 ML
bootstrap replicates. Bayesian analyses were performed on the Centramoebida + Himatismenida
data set using MrBayes v3.2.6 [11]. Two simultaneous MCMC runs of 4 chains each were run
for 10,000,000 generations saving trees every 1,000 generations. All parameters converged after
the first 326,000 generations as assessed by split deviation of < 0.01. The initial 25% of trees
were discarded as burnin.
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A.2
A.2.1

Supplemental Results
Acanthamoeba pyriformis CR15
The sporocarps of our isolate consist of a single spore atop a long stalk (Fig. 1.1 a). The

spores on stalks wave or “flag” readily when any air current is generated. Spores at higher
magnification are pyriform in shape and appear to have only a single wall (Fig. 1.1 b & c). In
addition to these sporocarps, our isolate also rarely forms irregularly shaped stellate cysts on the
surface of the agar (Fig. 1.1 e). The amoebae that germinate from both spores and cysts are
uninucleate with a single central round nucleolus that is half to less than half the diameter of the
whole nucleus (Fig. 1.1 d & f). The majority of the cytoplasm is granuloplasm, with a clearly
demarcated section of hyaloplasm in the anterior part of the cell (Fig. 1.1 d & f). Thin, pointed
subpseudopodia project outwards from nearly the entire body of the cells (Fig. 1.1 d & f). A
single contractile vacuole that is round at diastole is usually present and located near and
posterior to the nucleus (Fig. 1.1 d & f). The amoebae generally lack a uroid. These observations
are consistent with what has been previously reported for this species [12, 13].
A.2.2

Luapeleamoeba arachisporum isolates PKB06-4L-1, OG15, CR15, AMFD
The sporocarps and amoebae of all isolates fall within the range of the description given

for "Protostelium" arachisporum by [14]. The sporocarps are unispored and long-stalked (Fig.
1.1 j). The spores are either spherical to ovate or peanut shaped depending on their state of
hydration (Fig. 1.1 j & k). After germination from the spore the amoebae leave behind a very
thin spore wall (Fig. 1.1 k). The amoebae are uninucleate, and a central, round nucleolus that is
half the diameter or greater than the nucleus as a whole is usually visible (Fig. 1.1 l). Amoebae
have flabellulate-type pseudopodia [15] (Fig 1.1.1 l & k) and cells lack a distinct uroid. These
flabellulate psuedopodia are hyaloplasmic in their composition and have subpseudopodia that are
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short and blunt (Fig 1.1.1 l & k). Cysts were rarely observed in isolates PKB06-4L-1 and CR15
and never seen in any of our other isolates. When cysts did form they resemble rounded amoebae
rather than an obviously walled cyst as reported for “Protostelium” arachisporum [13].
However, when the amoebae germinate from these cysts they leave behind a very thin covering
(not shown).
A.2.3

Vacuolamoeba acanthaformis n.g. n.sp.
The majority of the body of the cell consists of granuloplasm (cytoplasm with inclusions

such as organelles) while the leading edges of cells in motion are made up of hyaloplasm (clear
cytoplasm lacking any inclusions). Acutely pointed subpseudopodia of acanthopodial
morphology project outwards from all sides of the cell body. At times they can be particularly
prominent at the leading edge of amoebae in motion. Cells are typically uninucleate although
binucleate individuals were sometimes observed. The nucleus is vesicular and displays a round
centrally located nucleolus that is half or less than half the diameter of the whole nucleus. Cells
typically have many vacuoles in the granuloplasm; among them one or more large round
contractile vacuoles is usually present (Fig. 1.1 p, q, & s). Anterior and posterior poles of the cell
are often difficult to distinguish, and as a consequence the direction of locomotion is difficult to
predict. However, amoebae sometimes move by a quick swelling of the leading edge of the
hyaline area. When the acanthopodia at the leading edge are prominent this swelling action
occurs just behind/at the base of the acanthopodia. When acanthopodia at the leading edge are
less pronounced the motion is less of a swelling action and more of a smooth and gradual
advancement of the hyaloplasm. Cell motion is slow, but easily visible when observed under the
microscope. Uroids (distinct arrangements of cellular extensions at the posterior end of some
amoeba species) have been observed but seem to be missing more often than present. When they
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do form, they are lamellipodial with tiny filose extensions around the outside. Cells readily form
cysts in culture. These cysts are round to slightly irregular in shape and consist of what appears
at the light microscope level to be a single smooth wall enclosing granuloplasm. The cysts were
most often seen to form singly rather than in clusters.
A.2.4

Dracoamoeba jormungandrii n.g. n.sp. ATCC® 50982™ (deposited as Stereomyxa
ramosa)
The amoebae of ATCC® 50982™ are highly variable in their morphology (Fig. 1.1 T-

AA). Amoebae that have been left undisturbed in tissue culture flasks most often appear thin and
ramose, and typically display a thick swelling of cytoplasm that we consider the main body of
the cell. The amoebae can also be compact and fan shaped (Fig. 1 U), or exhibit forms that are
compact with filose extensions protruding out from various areas around the cell body (Fig 1.1.
V, W Y, Z, & AA). The compact and fan-shaped stage (Fig 1.1. I) seems to be exhibited only
when amoebae are reattaching to a surface after having been displaced into the water column.
The cell body is composed mainly of granuloplasm while pseudopods are clear and mostly
hyaloplasmic in nature. Though occasionally a small number of granular cytoplasmic content
could be seen in the basal region of some pseudopods. Only uninucleate individuals were seen.
However, nuclei are not always easily visible especially in the most thin and filose forms of this
organism so we cannot say definitively that individuals with more than one nucleus are not
present. When observed, the nuclei resemble an irregular clear spot in the cell (Fig 1.1. V, & W,
& Y). No nucleoli are obvious using light microscopy. As expected for a marine organism,
amoebae were never seen to form contractile vacuoles. Only food vacuoles were observed. No
cysts or resting stages were ever seen in our cultures. When cultures are left to starve, rather than
encyst the amoebae shrivel up and float either in the water column or at the surface of the water.
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Movement of the amoebae is extremely slow and most easily viewed using time-lapse
microscopy. Uroids were never observed. No anastomosis or any form of fusion of pseudopodia
within or between individuals was ever observed. The characteristics of this organism do not
adequately fit the original description given by [17] for Stereomyxa ramosa and so we establish
here the new genus Dracoamoeba n. g. to accommodate this organism and designate this isolate
the type species Dracoamoeba jomungandrii n. g. n. sp. A taxonomic diagnosis of this strain is
given in the supplemental text. For a full discussion on the inconsistencies between our
observations and those of Grell see the supplemental discussion (additional file supplemental
text).
A.3
A.3.1

Supplemental Discussion
Identity of isolate ATCC® 50982™
While it is not unimaginable that this organism was deposited as Stereomyxa ramosa as it

is an amoeba that is: typically uninucleate, slow moving, and marine, we are confident that we
have made key observations suggesting this was a misidentification. Grell specifically mentions
in his 1966 manuscript that upon starvation, the amoebae of S. ramosa do not float like those of a
second species he describes in the same manuscript, S. angulosa, but remain attached to the
surface of the culture dish [16]. In all of our cultures that are left to starve, hundreds of shriveled
amoebae can be observed floating in the water column. We do not believe ATCC® 50982™ is S.
angulosa either. The time lapse videos made by Grell [17] of S. angulosa clearly show an
amoeba with radically different morphology and locomotion than we have observed in ATCC®
50982™ (Fig 1.1. T-AA). Grell also states the floating “hunger” form of S. anulosa is often
times an acute angle. We have never observed this morphology in ATCC® 50982™. Another
key observation supporting our claim is that when placed in 3X seawater the Stereomyxidae
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(Stereomyxa spp. and Corallomyxa mutabilis) of Grell become “hairy” in appearance and
eventually adopt a “beads on a string” morphology. Grell considered this reaction indicative of
all Stereomyxidae. When placed in 3X seawater the amoebae of ATCC® 50982™ do become
slightly “hairy” in appearance as Grell describes, but no more than we have seen the amoebae
appear when attempting to reattach to the substrate after being displaced in the water column
(Fig. A.4 & Fig 1.1. U). Most importantly the amoebae never assume the “beads on a string”
form Grell considered diagnostic of all Stereomyxidae (Fig. A.4). Also, Grell also used an
unidentified species of marine diatom as a food source for both species of Stereomyxa in his
manuscript. All of our attempts to grow ATCC® 50982™ on diatoms as a food source failed. No
diatoms were ever observed in food vacuoles of this species. Masses of empty diatom frustules
that might suggest the amoebae were consuming the alga through means other than phagocytosis
of whole individuals were never observed either. At present no ultrastructural data are available
for ATCC® 50982™ so we are unable to compare these potentially diagnostic details to those of
[18]. Despite our lack of ultrastructural data, we believe our morphological and experimental
observations justify the creation of a new genus for this isolate. We place it into our newly
established genus Dracoamoeba n. g. n. sp. We designate this isolate as the type species
Dracoamoeba jomungandrii n. g. n. sp. As such we remove all members of Grell’s
Stereomyxidae from Centramoebida and place them as Amoebozoa incertae sedis until they can
be reisolated and studied using modern molecular phylogenetic techniques.
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A.4

Figures

Figure A.1

Summarized uncovered PhyloBayes chains

Consensus of unconverged chain from the PhyloBayes analysis. Clades are colored by
taxonomic affiliation. Values at nodes are posterior probability values. Circles at nodes represent
a posterior probability of 1.0.
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Figure A.2

Maximum likelihood phylogeny of Amoebozoa rooted with Ophisthokonta based
on the SSU gene and 1,326 nucleotide positions.

The tree was constructed under a GTR + Γ + I model of nucleotide substitution. The
Centramoebida and Protosteliid clades are highlighted and taxa of interest are in bold. Values at
nodes are maximum likelihood bootstrap values.
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Figure A.3

Effect of fast-evolving site removal

Plot showing the effect of removing fast-evolving sites from the phylogenomic matrix on the
maximum likelihood bootstrap values for clades of interest.

Figure A.4

The effect of 3X seawater on the morphology of amoeba isolate ATCC® 50982™

Differential interference contrast light micrographs of amoeba isolate ATCC® 50982™ in 3X
concentrated seawater. Scale bar = 25m.
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APPENDIX B
CHAPTER II SUPPLEMENTAL MATERIAL
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B.1

Fisher Algorithm Details (Used for Ortholog collection)
Ortholog selection and paralog demarcation is performed using the python script

fisher.py. The input for fisher.py is the predicted proteome of an organism a user wishes to add
to the starting database and an input metadata file which includes processing information for taxa
to be added to the database for fisher.py and other downstream utilities (Supplemental file X/Box
X). To remove redundancy in the input proteome (typical of proteomes predicted from
transcriptomes) fisher.py invokes CD-HIT v.4.8.1 [1] with the option “-c 0.98” which clusters
sequences globally at a similarity threshold of 98%. Next, hmmsearch from the software package
HMMER v. 3.2.1 [2] is run on the input proteome using pre-computed HMM profiles of each
gene in the starting database. Up to a user defined number of sequences is collected (default = 5)
that meet the significance threshold e-value < 1e -10. If no sequence meets the significance
threshold the gene is skipped. If sequences are found (up to the user defined amount), they are
prioritized based on level of significance (the sequence with the most significant hit is
preliminarily denoted the most likely putative ortholog with other surviving sequences
preliminarily denoted as paralogs) before further processing. From here the algorithm proceeds
in either of two directions depending on information given in the input metadata file. In the two
routes outlined below, sequences can be added to or removed from the initial sequences collected
by hmmsearch as they meet or fail to meet the outlined criteria. The priority of a sequence can
also change within the list based on criteria outlined below. At the end of either route if only one
sequence survives it is considered the putative ortholog for the input taxon. If more than one
survives, the sequence with the highest priority in the list is considered the putative ortholog and
the rest are considered putative paralogs. All surviving sequences are added to the corresponding
single gene alignment.
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B.1.1

Default Route
If no related species that is/are present in the starting database is/are listed in the “blast

seed” column of the input metadata file to use as specific queries, each sequence collected from
the hmmsearch run is used as the query in a search using DIAMOND v. 09.24 [3] against
OrthoMCL v 5.0 [4] with the options “blastp -e 1e-10 --more-sensitive.” Any sequence that has a
significant hit (e-value < 1e -10) to a bacterial orthogroup in OrthoMCL is discarded along with
any sequence that does not have a significant hit to the corresponding OrthoMCL orthogroup.
Surviving sequences are again used as queries in a DIAMOND search using the parameters
given above against the starting database. Any sequence whose reciprocal best hit is a sequence
from the gene alignment of the corresponding ortholog is kept and added to this alignment for
downstream processing. The surviving sequence that had the highest priority from the initial
hmmsearch is considered the putative ortholog and any other surviving sequences are labelled
paralogs.
B.1.2

Phylogenetically Informed Route
The initial input metadata file gives users the option to choose related taxa already in the

starting database whose sequences will then be used as queries for blast searches against the new
organism proteome. Any number of related species already present in the database may be
chosen to serve as potential specific queries, but the algorithm will use them in the order
provided and in cases may not proceed to subsequent organisms. If an organism(s) to be used as
specific queries are listed in the input metadata file, fisher.py will initially check to see if the first
ortholog to be searched for is present in this particular organism. If the ortholog is absent in the
starting database for the first selected organism fisher.py will sequentially check remaining taxa
listed for the presence of the ortholog in the starting database. If the sequence is present in one or
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more of the subsequent taxa the algorithm proceeds as outlined below. If no other organisms are
listed or the ortholog is absent in all listed organisms fisher.py will proceed to the default route
for this particular ortholog. If the ortholog is present in one or more of the listed species, then
the sequence is used as the query in a BLAST search against the input taxon’s predicted
proteome. If no significant hit (e-value < 1e -10) is found fisher.py will use the ortholog of the
next listed species if one is provided. If no other species is listed or if the orthologs of all listed
species do not return a significant BLAST hit the gene is skipped for the input taxon being
searched. If significant hits are found up to a user defined number of significant BLAST hits
(default = 5) are collected and examined further. The sequences from the original hmmsearch are
reprioritized based on the level of significance of the BLAST hit. The sequence with most
significant hit becomes the priority sequence unless that was not also collected by the initial
hmmsearch. Any sequence that produces a significant hit but was not collected in the initial
hmmsearch is discarded. If any of the collected hits most significant hit is to a bacterial
OrthoMCL orthogroup or the incorrect OrthoMCL orthogroup they are also discarded. Next,
remaining sequences are used in a reciprocal blast against the starting database. If the sequence’s
reciprocal best blast hit is a sequence from the corresponding ortholog alignment in the starting
database the sequence is retained. If the sequence’s reciprocal best blast hit is a sequence from
another alignment it the sequence is still retained, but the sequence is written out to the file “nonreciprocal_hits.txt” with a note on what gene from the starting database was the reciprocal best
hit. Sequences remaining at this point in the algorithm are added to the corresponding alignment
from the starting database and aligned using MAFFT v.7.455 [5] with the parameters “--auto -reorder”, trimmed with trimAl v.1.4.rev15 [6] with a gap threshold of 0.2, and subjected to
phylogenetic tree construction via FastTree v. 2.1.11 [7] with default parameters. The resulting
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tree is examined using the python package ETE3 [8]. Sequences that branch sister or within a
clade composed of organisms with the same assigned taxonomy (taxonomy is derived from
starting metadata file and the input metadata file) are prioritized over sequences that do not
regardless of previous criteria. All surviving sequences are then added to their corresponding
alignments with the sequence that received the highest level of priority being denoted the
putative ortholog and all others denoted as putative paralogs.
B.2

Automated Filtering, Alignment, Trimming, and Single Gene Tree Construction
PhyloFisher also includes a python script to automatically filter, align, trim, length filter

and construct phylogenetic trees from all single gene alignments. The script takes the output files
from fisher.py (old single gene alignments that now contain newly added sequences selected by
the fisher algorithm for input taxa) and removes any dashes to produce an unaligned set of
sequences for non-homologous character removal via PREQUAL v. 1.02 [9] using the default
settings. Next, a length filtering step is performed to minimize the inclusion of proteins predicted
from fragments of the same gene. This is common in proteomes predicted from transcriptomes.
First, sequences are aligned with the program MAFFT using the settings (--globalpair -maxiterate 1000 --unalignlevel 0.6). This is followed by assessment of alignment error and
uncertainty by the program DIVVIER v. 1.01 [10] using the options (-mincol 4 -divvygap). The
resulting alignments are trimmed using BMGE v. 1.1.2 [11] with a gap-rate cutoff of 0.3. Any
sequence that is not greater than half the total alignment length after BMGE filtering is removed.
After removal of “short” sequences files are prepared for single gene phylogenetic tree
construction by rerunning MAFFT and DIVVIER as above followed by trimming with the
program trimAl with a gap threshold of 0.01. Finally, single gene tree construction is performed

96

using RAxML v. 8.2.12 [12] with the options (-m PROTGAMMALG4XF, -f a -x 123 -N 100 -p
12345).
B.3

PhyloFisher v. 1.0 Database Construction
The predicted proteomes of 304 eukaryotic taxa (Figure B.1) were used as input for

fisher.py collecting up to the default number of sequences (n=5) for downstream analyses. A
preliminary starting database was constructed from a 240 gene subset a previous phylogenomic
dataset “BORDOR” developed in [13] to provide specific queries when possible. The program
hmmbuild from the HMMER3 package was used to make hmmprofiles for all 240 genes using
the BORDOR alignments as input. Specific queries were provided for all organism that have a
well-agreed-upon position in the tree of eukaryotes, otherwise the default route in fisher.py was
utilized. The most closely related organism with the most complete genome or transcriptome
available was used as the specific query followed by less complete data when available. After
sequences had been collected by fisher.py for all organisms, the resulting files were subjected to
the workflow described in the “Automated Filtering, Alignment, Trimming, and Single Gene
Tree Construction” section. The resulting single gene trees were examined manually with the
included tool “Noodler” to finalize ortholog and paralog selection as well as contamination
removal. The aligned orthologs of the 304 public taxa were used to produce the final
hmmprofiles shipped with PhyloFisher v. 1.0 as well as the sequences of the 240 orthologs and
their paralogs that comprise the starting database.
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Figure B.1

PhyloFisher v.1.0 starting database composition.

Treemap showing the PhlyloFisher v. 1.0 database composition by taxonomy. Labels in boxes
are the names of eukaryotic lineages. Values in boxes are the number of representatives from
each lineage in the database. Boxes without values have only one representative in the database.
Boxes are proportional to the number of representatives. The figure was made in R v. 4.0.0 with
the treemaps v.2.4.2 package.

B.4
B.4.1

Phylogenomic Reconstruction of the Tree of Eukaryotes
Single ortholog processing.
From the output of the single gene tree examination orthologs were identified and

collected from the 304 taxa and 240 orthologs (missing_data.py). The ortholog fasta files were
processed using (forge.py) using our default parameters, which are listed here in order as part of
the forge.py pipeline.
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Methodology of forge.py: forge.py -i input_directory/ -t {threads}
1) Removal of all gaps and any * (stops) in the ortholog fasta files in input_directory,
{gene}.fas.
•

no_gap_stops.py {gene}.fas
2) Ortholog files were processed using PREQUAL, under default parameters for the

program.
•

prequal {gene}.aa
3) These files were then aligned using MAFFT-GINSI.

•

mafft --globalpair --maxiterate 1000 --unalignlevel 0.6 {numthreads} {gene}.aa.filtered >
{gene}.aln
4) Alignment files were then processed in DIVVIER using the “partial” procedure.

•

divvier -partial -mincol 4 -divvygap {gene}.aln
5) The partial Divvied alignments were then trimmed using TRIMAL with a gap-

threshold of 80%. The rationale for the use of an 80% gap threshold is provided below in the
trimming experiment section.
•

trimal -in {gene}.aln.partial.fas -gt 0.80 -phylip -out {gene}.gt80trimal.phy
6) The final trimmed alignments were then processed using by forge.py to generate a

concatenated phylogenomic supermatrix.

In addition to the phylogenomic supermatrix, trees were inferred from the trimmed
orthologs that are resulted from forge.py, {gene}.gt80trimal, in RAxML, using the command
“raxmlHPC-PTHREADS-AVX2 -f a -T 2 -m PROTCATLGF -p 123 -x 123 -N 100 -s
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{gene}.gt80trimal.phy -n {gene}.gt80trimal” with 100 rapid bootstrap replicates, which are used
in gene tree coalescence inferences of species trees using ASTRAL3 [14], detailed below.
B.4.2

Phylogenomic analyses
The supermatrix generated with the forge.py methodology as detailed above, resulted in a

304 taxa, 240 ortholog, and 72632 amino acid sites supermatrix. A phylogenomic tree was
inferred from this matrix in IQtree under the site heterogenous model LG+G4+F+c60 with
posterior mean site frequencies [15] inferred through LG+G4+F+c20 as input tree. Each node is
shown with 1000 ultrafast bootstrap replicates (MLBS) support values.
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Figure B.2

Phylogenomic tree of 304 taxa 240 orthologs and 72632 amino acid sites.

Supermatrix was processed as described above in the forge.py methodology. The tree was built
using IQtree under LG+G4+F+c60+PMSF with an LG+G4+F+c20 input tree for generation of
the PMSF site frequencies inferred in IQTree with 1000 ultrafast bootstrap replicates (MLBS).
Nodes are colored as shown in Figure 2.3 of the chapter II main text.
B.4.3

Trimming experiments
In order to examine and understand the implication of using various trimming methods

on our resulting phylogenomic analyses, we conducted a series of experiments to provide endusers with a reasonable default approach to processing single orthologs into a phylogenomic
concatenated supermatrix (via forge.py). While recognize that there are other parameters and
programs that may be used by experienced users, it is our goal to provide a rationalized
methodology for users of our package that 1) provides reproducible results, 2) is computationally
attainable both in output matrix size and input processing, and 3) use state-of-the-art
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methodology. Our rationale for using a gap-threshold of 80% using “soft trimming” based solely
on site-occupancy of alignments in Trimal, is to reduce the number of sites to a reasonable sized
matrix without negating phylogenetic signal. As our dataset consists of 304 taxa and 240
orthologs, the number of phylogenetically useable sites and overall matrix size is quite large,
leading to potentially unattainable computational resource requirements for many end-users.
B.4.3.1

Single gene tree relative tree confidence score per trimming method.
Alignments were processed according to the methods within the PhyloFisher workflow.

That is Each ortholog fasta file was collected and run through PREQUAL, MAFFT-GINSI,
DIVVIER (Partial) and then trimmed. In order to test the impact of various trimming methods on
individual single gene alignments, trees were computed from trimmed alignments using BMGE
(global entropy of 0.1, 0.3, 0.6 and 0.9), TRIMAL (Gap Threshold of 1%, 50%, and 80%). From
these single gene trees inferred from the individual trimming methods, Relative Tree Confidence
Scores (RTC) were computed in RAxML from the best tree and bootstrap trees inferred under
PROTCATLGF using rapid 100 rapid bootstraps. Alignments were also processed with no
trimming following the PREQUAL, MAFFT-GINSI, and DIVVIER process and trees were
inferred under the same methodology. For RTC scores, higher values equate to a higher
confidence in the alignment to yield the tree. Each resultant RTC score was assessed against each
method. Additionally, the best RTC score was also collected and is plotted along with the RTC
scores of gene trees inferred using the above methods. The highest mean RTC is Trimal with a gt
of 1%. For the BestRTC score, Trimal gt1 is selected as best 49% of the time.
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Figure B.3

Impact of trimming strategies on relative tree confidence scores

Violin Plot of each gene’s RTC score per method of trimming and untrimmed. Quartiles are
drawn on the violin plots, overlaid with box and whisker plots.

Figure B.4

Comparison of trimming methods to no trimming

Box and whisker plot of the pairwise difference between each gene’s RTC score per method of
trimming to the untrimmed RTC score.
103

B.4.3.2

Gene concordance factor per trimming method of single gene alignments.
Finally, to assess the concordance between trimming methods of genes and the global

phylogeny inferred through the phylogenomic matrix of per each method using the Gene
Concordance Factor in IQtree2 [16], under LG+G4+F+c60+PMSF with an LG+G4+F+c20 input
tree for site frequencies for PMSF. Matrices assessed in this fashion were the BMGE3, Trimal
GT1, Trimal GT50, and Trimal GT80 trimming methodologies. The gCF values were calculated
using the overall global ML tree based on the trimming method with bootstrap tree of each
individual gene trimmed using the same method as used for the supermatrix. Each gCF score per
the node within the ML tree was plotted in R as a violin plot. The highest mean is Trimal with a
gt of 1%.

Figure B.5

Effect of trimming strategies on gene concordance factors of single gene trees

Violin Plot of each node in the ML tree’s gene concordance factor assessed through IQtree per
method of trimming. Quartiles are drawn on the violin plots, overlaid with box and whisker
plots.
B.4.3.3

Impact of trimming on phylogenomic tree node bootstrap values.
To test the impact of the above trimming methods on the global phylogenomic tree,

individual alignments were processed as above with BMGE (global entropy of 0.3) and Trimal
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with a Gap threshold (gt) of 1%, 50%, and 80%. Additionally, the highest scoring individual
RTC scored alignment for each gene was also collected. Phylogenomic matrices were
constructed using PhyloFisher’s forge.py. This resulted in 5 total phylogenomic supermatrices
that were further investigated, i.e., BMGE3, GT1, GT50, and GT80. Trees from each
supermatrix were inferred using the following methodology, first a Maximum Likelihood (ML)
tree was inferred in IQtree under the LG+G4+c20+F model. This tree was then used (IQtree
option -ft) to compute individual Posterior Mean Site Frequencies (PMSF) under the
LG+G4+c60 model and an ML tree with 1000 ultrafast bootstrap replicates was inferred. Nodes
of particular interest in the ML/BS trees were collected as groups in the bipartition_examiner.py
script of the PhyloFisher package. Bootstrap values of bipartitions of interest were plotted. We
see the phylogeny (and bootstrap support) is highly dependent on the trimming method used.

Figure B.6

Bootstrap support by trimming strategy for nodes of interest

Bootstrap values of nodes of interest, inferred in IQtree under LG+G4+F+c60+PMSF with an
LG+G4+F+c20 input tree for generation of the PMSF site frequencies inferred in IQTree with
1000 ultrafast bootstrap replicates (MLBS). This analysis highlights that there is little effect on
the output tree and the bootstrap support values when a site heterogenous model is used.
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B.4.3.4

Overall trimming results
While in most cases, no trimming or very light trimming with a gap-threshold of 1.0%

generally perform better with regard to the relative tree confidence score as assessed through
RAxML (Figure B.3, B.4) as well as with respect to gene concordance factor assessed through
IQtree (Figure B.5). However, the overall impact of trimming method had little effect on the
resultant tree and the nodal support on that tree (Figure B.6) when these supermatrices were
assessed under LG+G4+F+c60-PMSF with an LG+G4+F+c20 input tree for generation of the
PMSF site frequencies . However, it should be noted that often in phylogenomic analyses users
will run a simple site homogeneous model (LG+G4+F), which is computationally inexpensive,
as an input tree to infer PMSF site frequencies for the LG+G4+F+c60-PMSF model (example of
this is [17] and [18], as well as many others). Interestingly, we found that when a site
homogenous model was used as a input guide tree for the site frequency calculation for PMSF
under the LG+G4+F+c60-PMSF site heterogenous model, we see that conflicting topologies are
obtained, which are often highly supported (Figure B.6). Regardless, the computational time
required is highly dependent on the number of sites in the supermatrix. The size of supermatrix
varies from 102967 to 63969 amino acid sites (Figure B.7). Because, the trimal (-gt 0.80) gap
threshold of 80% supermatrix has an intermediate number of sites (72632) of the supermatrices
examined, which is computationally less expensive than the gt1 matrix, and shows the same
overall topology regardless of the trimming method (Figure B.6), we suggest that this represents
an acceptable methodology for select as a default method for forge.py.
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Figure B.7

Effect of homogeneous vs heterogenous model on PMSF bootstrap/topology per
trimming strategy

Bootstrap values of a few select nodes of interest displayed in Figure 4 are illustrated here,
inferred in IQtree under LG+G4+F+c60+PMSF with either an LG+G4+F or an LG+G4+F+c20
input tree for generation of the PMSF site frequencies inferred in IQTree with 1000 ultrafast
bootstrap replicates (MLBS). Conflicting topologies with high support are found in the
LG+G4+F input tree analysis, while nodes and topologies do not conflict when inferred with
LG+G4+F+c20 as the input tree.

Figure B.8

Amino acid positions per trimming method.

Histogram of amino acid sites of the supermatrices generated per each trimming method.
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B.4.4

Fast site removal examination
In large scale phylogenomic analyses, the fastest evolving sites in a the supermatrix are

expected to be most suspectable to phylogenetic saturation and systematic error [19]. These
errors likely originate from model misspecification in large scale analyses. To examine the effect
that these rapidly evolving sites have on our results, we include a utility (fast_site_removal.py) to
calculate the rates of evolution given a supermatrix and the output supermatrix phylogenomic
tree (“fast_site_removal.py -m public.gt80trimal.out -tr public.gt80trimal.PMSFc20inputtree.treefile -c 9000”). The rates of evolution at each site of the 304-taxon 240 ortholog
dataset were estimated with DIST_EST [20] under the LG model using discrete gamma
probability estimation. Sites we ordered based on their rate of evolution and the sites with the
highest rates were removed in a stepwise fashion from the input dataset.

Figure B.9

Effect of fast site removal on bootstrap support of clades of interest

Fast site removal at 9000 sites removed from the whole dataset (72632 amino acid) per each step
of removal in a fastest to slowest stepwise manner to exhaustion. ML tree was inferred for each
dataset in IQtree under LG+G4+F+c60+PMSF with an LG+G4+F+c20 input tree for generation
of the PMSF site frequencies inferred in IQTree with 1000 ultrafast bootstrap replicates (MLBS).
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Figure B.10 Phylogenomic tree of eukaryotes
Phylogenomic tree of 304 taxa 240 orthologs and 63632 amino acid sites, with the top 9000 of
the fastest evolving sites in the supermatrix removed. Supermatrix was processed as described
above in the forge.py methodology. IQtree under LG+G4+F+c60+PMSF with an LG+G4+F+c20
input tree for generation of the PMSF site frequencies inferred in IQTree with 1000 ultrafast
bootstrap replicates (MLBS). Nodes are colored as shown in figure 2.3 of the main text. This is
the uncollapsed tree as shown in figure 2.3 of the main text.

B.4.5

Random subsampling of genes
We include a random subsampling of orthologs utility, which will subsample the user’s

input ortholog datasets and construct randomly subsampled supermatrices at a user defined
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percentage of sampling in a stepwise fashion. This utility calculates the number of supermatrices
necessary to construct and infer using the percent subsampling (-ps) under a default, but user
definable, confidence interval of 0.95 (-ci). This utility uses the formula (ci=1-(1-x/100)^n to
determine the number of replicates where ci is the confidence interval (i.e.,0.95) x is the
percentage of genes samples and n is the number of replicates, as in [17]. The subsamples were
then inferred in IQtree under LG+G4+F+c60+PMSF with an LG+G4+F+c20 input tree for
generation of the PMSF site frequencies inferred in IQTree with 1000 ultrafast bootstrap
replicates (MLBS).

Figure B.11 Random subsampling of orthologs
Random subsampling of using the random_sample_iteration.py utility.
“random_sample_iteration.py -i gt80trimal.fastas/ -f phylip-relaxed -ci 0.95 -ps 20”. Each
replicate was inferred in IQtree under LG+G4+F+c60+PMSF with an LG+G4+F+c20 input tree
for generation of the PMSF site frequencies inferred in IQTree with 1000 ultrafast bootstrap
replicates (MLBS). The support values of nodes of interest we calculated with the PhyloFisher
utility bipartition_examiner.py and plotted in R using the boxplot function in the gplots library.
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B.4.6

Amino acid compositional bias examination
To examine the potential impact of compositional heterogeneity of amino acid sequence

composition among taxa in phylogenomic matrices, we developed a utility
(aa_comp_calculator.py). This utility (“aa_comp_calculator.py -i ./public.gt80trimal.out”)
calculates the amino acid compositions and creates a matrix for each taxon in our phylogenetic
dataset. From this amino acid composition matrix, we used the hierarchical clustering (using the
scipy.cluster.hierarchy) algorithm to group them together on the basis of Euclidean distances
between their amino acid frequencies (Figure S10). This utility outputs a Newick tree file as well
as pdf of the clustering. Taxa that have similar amino acid compositions will tend cluster
together in the hierarchical clustering irrespective of the real phylogenetic signal of the taxa.

Figure B.12 Hierarchical clustering of amino acid compositions of our supermatrix
Colors are depictions of taxa as labeled in Figure 2.3 of the main text.
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CHAPTER III SUPPLEMENTAL MATERIAL
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C.1
C.1.1

Media recipes
Water agar
Bacto agar …………………………………………….14g
4M Dibasic K2PO4……………………………...……..1ml
Deionized water………………………………….....…..1L

Add agar to deionized water and autoclave. Add 4M Dibasic K2PO4 solution after
autoclaving.
C.1.2

Dung extract agar
Cow dung……………………………………………...10g
Bacto agar …………………………………………….14g
Deionized water…………………………………….......1L

Boil 10 g of cow dung in 1 L of deionized water for ~10 min. Filter particulate matter
through coffee filters, then through Whatman 1 filter paper, and finally through 0.2 micron
Nalgene 115 ml filters. Return volume of remaining liquid to 1 L with deionized water and add
14 g of Bacto agar before autoclaving.
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C.2
C.2.1

Figures and Tables
Replicate Correlation

Figure C.1

Replicate correlation plot for Copromyxa protea developmental transcriptomes.

Plot showing Pearson correlation of counts per million (CPM) values for all genes between
transcriptomes. Figures at the bottom show cartoon representations of the C. protea life-cycle
stage each set of three replicates was generated from. From left to right these are trophic cells,
early aggregation and late aggregation. Note gene expression within developmental stages than
between them.
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C.2.2

Phylostratigraphic analysis

Table C.1

Predicted proteomes used to produce the Copromyxa protea phylome.

Taxon
Amoeba proteus
Arabidopsis thaliana
Arcella intermedia
Batrachochytrium
dendrobatidis
Bigelowiella natans
Cavostelium apophysatum
Chara braunii
Chlamydomonas
reinhardtii
Copromyxa protea CF085
Dictyostelium discoideum
Drosophila melanogaster
Echinostelium bisporum
Echinamoeba exudans
Ectocarpus siliculosus
Emiliania huxleyi
Endostelium zonatum
ATCC PRA191
Goniomonas avonlea
Guillardia theta
Heterostelium pallidum
Homo sapiens
Idionectes vortex
Luapelamoeba hula
Mastigella eilhardi
Micriamoeba sp
Monosiga brevicollis
Naegleria gruberi
Neurospora crassa
Nolandella sp.
Paramecium tetraurelia
Phytophthora parasitica
Porphyra purpurea
Saccharomyces cerevisiae
Soliformovum irregularis
Symbiodinium
microadriaticum
Tetrahymena thermophila
Thalassiosira pseudonana

Higher
Taxonomy
Amoebozoa
Chloroplastida
Amoebozoa
Obazoa

Lower Taxonomy

Data Type

Accession

Tubulinea
Streptophyta
Tubulinea
Fungi

Transcriptomic
Genomic
Transcriptomic
Genomic

SRR5396451
GCF_000001735.4
SRR5396453
GCF_000203795.1

Rhizaria
Amoebozoa
Chloroplastida
Chloroplastida

Cercozoa
Evosea
Streptophyta
Chlorophyta

Genomic
Transcriptomic
Genomic
Genomic

GCF_000002455.1
SRR5396449
GCA_003427395.1
GCF_000002595.1

Amoebozoa

Tubulinea

Transcriptomic

SRR5396444

Amoebozoa
Obazoa
Amoebozoa
Amoebozoa
Stramenopiles

Genomic
Genomic
Transcriptomic
Transcriptomic
Genomic

GCF_000004695.1
GCF_000001215.4
SRR5396436
SRR5396437
GCA_000310025.1

Haptista
Amoebozoa

Evosea
Metazoa
Evosea
Tubulinea
OchrophytaPhaeophyceae
Haptophyta
Discosea

Genomic
Transcriptomic

GCF_000372725.1
SRR4242277

Cryptista
Cryptista
Amoebozoa
Obazoa
Amoebozoa
Amoebozoa
Amoebozoa
Amoebozoa
Obazoa
Discoba
Obazoa
Amoebozoa
Alveolata
Stramenopiles
Rhodophyta
Obazoa
Amoebozoa
Alveolata

Cyathomonadacea
Crytomonadales
Evosea
Metazoa
Evosea
Discosea
Evosea
Tubulinea
Choanoflagellata
Heterolobosea
Fungi
Tubulinea
Ciliate
Pseudofungi
Proteorhodophytina
Fungi
Evosea
Dinoflagellata

Genomic
Genomic
Genomic
Genomic
Transcriptomic
Transcriptomic
Transcriptomic
Transcriptomic
Genomic
Genomic
Genomic
Transcriptomic
Genomic
Genomic
Genomic
Genomic
Transcriptomic
Genomic

QUTJ00000000
GCF_000315625.1
http://genomes.dictybase.org/pallidum/current
GCF_000001405.38
https://www.ncbi.nlm.nih.gov/sra/SRX5656095
SRR4242455
SRR5396427
SRR5396425
GCF_000002865.3¬†
GCF_000004985.1
GCF_000182925.2
SRR5396422
GCF_000165425.1
GCF_000247585.1
http://porphyra.rutgers.edu/bindex.php
GCF_000146045.2
SRR5396406
GCA_001939145.1

Alveolata
Stramenopiles

Genomic
Genomic

GCF_000189635.1
GCF_000149405.2

Genomic
Transcriptomic
Genomic
Transcriptomic
Genomic

GCF_000142905.1
SRR5396399
GCF_000146045.2
SRR5396414
GCA_003024175.1

Thecamonas trahens
Vermamoeba vermiformis
Saccharomyces cerevisiae
Vannella fimicola
Protostelium aurantium
var. fungivorum
Capsaspora owczarzaki
Acanthamoeba castellanii
Physarum polycephalum

Obazoa
Amoebozoa
Obazoa
Amoebozoa
Amoebozoa

Ciliate
OchrophytaBacillariophyceae
Apusomonadida
Tubulinea
Fungi
Discosea
Evosea

Obazoa
Amoebozoa
Amoebozoa

Filasterea
Discosea
Evosea

Genomic
Genomic
Transcriptomic

Trichosphaerium sp.
Acytostelium
subglobosum
Dictyostelium purpureum
Tieghemostelium lacteum

Amoebozoa
Amoebozoa

Tubulinea
Evosea

Transcriptomic
Genomic

GCF_000151315.2
GCF_000313135.1
http://www.physarumblast.ovgu.de/transcriptome.html
N/A
GCF_000787575.1

Amoebozoa
Amoebozoa

Evosea
Evosea

Genomic
Genomic

GCF_000190715.1
GCA_001606155.1
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Table C.1 continued.
Cavenderia fasciculata
Balamuthia mandrillaris
Entamobea histolytica
Ceratiomyxa fruticulosa
Ceratiomyxella tahitiensis
Clastostelium recurvatum
Cryptodifflugia operculata
Cunea sp.
Echinostelium minutum
Echinosteliopsis oligospora

Amoebozoa
Amoebozoa
Amoebozoa
Amoebozoa
Amoebozoa
Amoebozoa
Amoebozoa
Amoebozoa
Amoebozoa
Amoebozoa

Evosea
Discosea
Evosea
Evosea
Evosea
Evosea
Tubulinea
Discosea
Evosea
Evosea

Genomic
Genomic
Genomic
Transcriptomic
Transcriptomic
Transcriptomic
Transcriptomic
Transcriptomic
Transcriptomic
Transcriptomic

GCF_000203815.1
GCA_001185145.1
GCF_000208925.1
SRR5396448
SRR5396447
SRR5396446
SRR5396442
SRR5396443
SRR5396436
SRR5396435

Table showing taxonomic, datatype, and accession information for all predicted proteomes used
in the phylostratigraphic analysis.
Table C.2

Complete List of Significantly Enriched Gene Ontology Terms
Description

Copromyxa protea DEG Gene
Cluster

Gene Ontology Category

Term ID

Unicellular Trophic Cells

Biological Process

GO:0000092

mitotic anaphase B

Unicellular Trophic Cells

Biological Process

GO:0000270

Unicellular Trophic Cells

Biological Process

GO:0010114

peptidoglycan metabolic
process

response to red light

Unicellular Trophic Cells

Biological Process

GO:0045841

Unicellular Trophic Cells

Biological Process

GO:0046500

Unicellular Trophic Cells

Biological Process

GO:0018191

negative regulation of mitotic
metaphase/anaphase transition

S-adenosylmethionine
metabolic process

peptidyl-serine octanoylation

Unicellular Trophic Cells

Unicellular Trophic Cells

Unicellular Trophic Cells

Biological Process

GO:0016998

Biological Process

GO:0070358

Biological Process

GO:0032113
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cell wall macromolecule
catabolic process

actin polymerization-dependent
cell motility

regulation of carbohydrate
phosphatase activity

Table C.2 continued
Unicellular Trophic Cells

Biological Process

GO:0036152

Unicellular Trophic Cells

Biological Process

GO:0009735

Unicellular Trophic Cells

Biological Process

GO:0016486

phosphatidylethanolamine acylchain remodeling

response to cytokinin

peptide hormone processing

Unicellular Trophic Cells

Biological Process

GO:0000727

Unicellular Trophic Cells

Biological Process

GO:0006542

double-strand break repair via
break-induced replication

glutamine biosynthetic process

Unicellular Trophic Cells

Biological Process

GO:0000461

Unicellular Trophic Cells

Biological Process

GO:0048768

Unicellular Trophic Cells

Biological Process

GO:0050435

endonucleolytic cleavage to
generate mature 3'-end of SSUrRNA from (SSU-rRNA, 5.8S
rRNA, LSU-rRNA)

root hair cell tip growth

beta-amyloid metabolic process

Unicellular Trophic Cells

Biological Process

GO:0002439

Unicellular Trophic Cells

Biological Process

GO:0033619

Unicellular Trophic Cells

Biological Process

GO:0016125

chronic inflammatory response
to antigenic stimulus

membrane protein proteolysis

sterol metabolic process

Unicellular Trophic Cells

Unicellular Trophic Cells

Unicellular Trophic Cells

Unicellular Trophic Cells

Biological Process

GO:0042984

Biological Process

GO:0051815

Biological Process

GO:0006614

Biological Process

GO:0031157
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regulation of amyloid precursor
protein biosynthetic process

migration in other organism
involved in symbiotic interaction

SRP-dependent cotranslational
protein targeting to membrane

regulation of aggregate size
involved in sorocarp
development

Table C.2 continued
Golgi inheritance
Unicellular Trophic Cells

Biological Process

GO:0048313

Unicellular Trophic Cells

Biological Process

GO:0009845

Unicellular Trophic Cells

Biological Process

GO:0006415

Unicellular Trophic Cells

Biological Process

GO:0009453

Unicellular Trophic Cells

Biological Process

GO:0006805

seed germination

translational termination

energy taxis

xenobiotic metabolic process

Unicellular Trophic Cells

Biological Process

GO:0051196

Unicellular Trophic Cells

Biological Process

GO:0000184

Unicellular Trophic Cells

Biological Process

GO:0009410

regulation of coenzyme
metabolic process

nuclear-transcribed mRNA
catabolic process, nonsensemediated decay

response to xenobiotic stimulus

Unicellular Trophic Cells

Unicellular Trophic Cells

Unicellular Trophic Cells

Unicellular Trophic Cells

Biological Process

GO:0043030

Biological Process

GO:0042762

Biological Process

GO:0046580

Biological Process

GO:0045910

Unicellular Trophic Cells

Biological Process

GO:0030827

Unicellular Trophic Cells

Biological Process

GO:0018190

Unicellular Trophic Cells

Biological Process

GO:0009913

regulation of macrophage
activation

regulation of sulfur metabolic
process

negative regulation of Ras
protein signal transduction

negative regulation of DNA
recombination

negative regulation of cGMP
biosynthetic process

protein octanoylation

epidermal cell differentiation
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Table C.2 continued.
Unicellular Trophic Cells

Biological Process

GO:0006086

acetyl-CoA biosynthetic process
from pyruvate

Unicellular Trophic Cells

Biological Process

GO:0009066

aspartate family amino acid
metabolic process

Unicellular Trophic Cells

Biological Process

GO:0007120

axial cellular bud site selection

Unicellular Trophic Cells

Biological Process

GO:0043570

maintenance of DNA repeat
elements

Unicellular Trophic Cells

Biological Process

GO:0032114

regulation of glucose-6phosphatase activity

Unicellular Trophic Cells

Biological Process

GO:0030447

filamentous growth

Unicellular Trophic Cells

Biological Process

GO:0009651

response to salt stress

Unicellular Trophic Cells

Biological Process

GO:0051298

centrosome duplication

Unicellular Trophic Cells

Biological Process

GO:0042331

phototaxis

Unicellular Trophic Cells

Biological Process

GO:0000028

ribosomal small subunit
assembly

Unicellular Trophic Cells

Biological Process

GO:0006555

methionine metabolic process

Unicellular Trophic Cells

Biological Process

GO:0000710

meiotic mismatch repair

Unicellular Trophic Cells

Biological Process

GO:0036151

phosphatidylcholine acyl-chain
remodeling

Unicellular Trophic Cells

Biological Process

GO:0051814

movement in other organism
involved in symbiotic interaction

Unicellular Trophic Cells

Biological Process

GO:0006407

rRNA export from nucleus

121

Table C.2 continued
response to red or far red light
Unicellular Trophic Cells

Biological Process

GO:0009639

Unicellular Trophic Cells

Biological Process

GO:0009644

Unicellular Trophic Cells

Biological Process

GO:0090351

Unicellular Trophic Cells

Cellular Component

GO:0009506

Unicellular Trophic Cells

Cellular Component

GO:0044391

Unicellular Trophic Cells

Cellular Component

GO:0048046

Unicellular Trophic Cells

Cellular Component

GO:0055044

Unicellular Trophic Cells

Cellular Component

GO:0031143

response to high light intensity

seedling development

plasmodesma

ribosomal subunit

apoplast

symplast

pseudopodium

Unicellular Trophic Cells

Cellular Component

GO:0031235

Unicellular Trophic Cells

Cellular Component

GO:0005935

Unicellular Trophic Cells

Cellular Component

GO:0045120

Unicellular Trophic Cells

Cellular Component

GO:0032009

Unicellular Trophic Cells

Cellular Component

GO:0005767

Unicellular Trophic Cells

Cellular Component

GO:0042555

intrinsic component of the
cytoplasmic side of the plasma
membrane

cellular bud neck

pronucleus

early phagosome

secondary lysosome

MCM complex

Unicellular Trophic Cells

Cellular Component

GO:0045254

Unicellular Trophic Cells

Cellular Component

GO:0032301

pyruvate dehydrogenase
complex

MutSalpha complex
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Table C.2 continued.
protein-DNA complex
Unicellular Trophic Cells

Cellular Component

GO:0032993
nuclear pre-replicative complex

Unicellular Trophic Cells

Cellular Component

GO:0005656
chloroplast envelope

Unicellular Trophic Cells

Cellular Component

GO:0009941
phagocytic cup

Unicellular Trophic Cells

Cellular Component

GO:0001891
replication fork

Unicellular Trophic Cells

Cellular Component

GO:0005657
polymeric cytoskeletal fiber

Unicellular Trophic Cells

Cellular Component

GO:0099513
nuclear outer membrane

Unicellular Trophic Cells

Cellular Component

GO:0005640
melanosome

Unicellular Trophic Cells

Cellular Component

GO:0042470
plastid pyruvate dehydrogenase
complex

Unicellular Trophic Cells

Cellular Component

GO:0010240
intrinsic component of plasma
membrane

Unicellular Trophic Cells

Cellular Component

GO:0031226
pigment granule

Unicellular Trophic Cells

Cellular Component

GO:0048770
cytosolic ribosome

Unicellular Trophic Cells

Cellular Component

GO:0022626
extracellular space

Unicellular Trophic Cells

Cellular Component

GO:0005615
cytosolic part

Unicellular Trophic Cells

Cellular Component

GO:0044445
mitochondrial pyruvate
dehydrogenase complex

Unicellular Trophic Cells

Cellular Component

GO:0005967
condensed nuclear chromosome
kinetochore

Unicellular Trophic Cells

Cellular Component

GO:0000778
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Table C.2 continued.
mismatch repair complex
Unicellular Trophic Cells

Cellular Component

GO:0032300

Unicellular Trophic Cells

Cellular Component

GO:0035371

Unicellular Trophic Cells

Moleclular Function

GO:0005198

Unicellular Trophic Cells

Moleclular Function

GO:0005507

Unicellular Trophic Cells

Moleclular Function

GO:0061783

Unicellular Trophic Cells

Moleclular Function

GO:0003796

microtubule plus-end

structural molecule activity

copper ion binding

peptidoglycan muralytic activity

lysozyme activity

Unicellular Trophic Cells

Moleclular Function

GO:0004739

Unicellular Trophic Cells

Moleclular Function

GO:0003887

Unicellular Trophic Cells

Moleclular Function

GO:0034061

pyruvate dehydrogenase (acetyltransferring) activity

DNA-directed DNA polymerase
activity

DNA polymerase activity

Unicellular Trophic Cells

Moleclular Function

GO:0000217

Unicellular Trophic Cells

Moleclular Function

GO:0017022

Unicellular Trophic Cells

Moleclular Function

GO:0072341

Unicellular Trophic Cells

Moleclular Function

GO:0033218

Unicellular Trophic Cells

Moleclular Function

GO:0019103

Unicellular Trophic Cells

Moleclular Function

GO:0050662

Unicellular Trophic Cells

Moleclular Function

GO:0000146

DNA secondary structure
binding

myosin binding

modified amino acid binding

amide binding

pyrimidine nucleotide binding

coenzyme binding

microfilament motor activity
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Table C.2 continued.
Unicellular Trophic Cells

Unicellular Trophic Cells

Moleclular Function

GO:0004190

Moleclular Function

GO:0016889

Unicellular Trophic Cells

Moleclular Function

GO:0003906

Unicellular Trophic Cells

Moleclular Function

GO:0004531

Unicellular Trophic Cells

Moleclular Function

GO:0004520

aspartic-type endopeptidase
activity

endodeoxyribonuclease activity,
producing 3'-phosphomonoesters

DNA-(apurinic or apyrimidinic
site) lyase activity

deoxyribonuclease II activity

endodeoxyribonuclease activity

Unicellular Trophic Cells

Moleclular Function

GO:0032137

Unicellular Trophic Cells

Moleclular Function

GO:0004311

Unicellular Trophic Cells

Moleclular Function

GO:0008395

Unicellular Trophic Cells

Moleclular Function

GO:0017171

Unicellular Trophic Cells

Moleclular Function

GO:0003684

Unicellular Trophic Cells

Moleclular Function

GO:0004497

Unicellular Trophic Cells

Moleclular Function

GO:0043621

guanine/thymine mispair
binding

farnesyltranstransferase activity

steroid hydroxylase activity

serine hydrolase activity

damaged DNA binding

monooxygenase activity

protein self-association

Unicellular Trophic Cells

Moleclular Function

GO:0016638

Unicellular Trophic Cells

Moleclular Function

GO:0019206

Unicellular Trophic Cells

Moleclular Function

GO:0046914

Unicellular Trophic Cells

Moleclular Function

GO:0008798

oxidoreductase activity, acting
on the CH-NH2 group of donors

nucleoside kinase activity

transition metal ion binding

beta-aspartyl-peptidase activity
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Table C.2 continued
Unicellular Trophic Cells

Moleclular Function

GO:0004844

Unicellular Trophic Cells

Moleclular Function

GO:0097506

Unicellular Trophic Cells

Moleclular Function

GO:0005506

Unicellular Trophic Cells

Moleclular Function

GO:0070001

uracil DNA N-glycosylase
activity

deaminated base DNA Nglycosylase activity

iron ion binding

aspartic-type peptidase activity

Unicellular Trophic Cells

Moleclular Function

GO:0032138

Unicellular Trophic Cells

Moleclular Function

GO:0008236

single base insertion or deletion
binding

serine-type peptidase activity

Unicellular Trophic Cells

Moleclular Function

GO:0004185

Unicellular Trophic Cells

Moleclular Function

GO:0004175

Unicellular Trophic Cells

Moleclular Function

GO:0004180

serine-type carboxypeptidase
activity

endopeptidase activity

carboxypeptidase activity

Unicellular Trophic Cells

Moleclular Function

GO:0032135

Unicellular Trophic Cells

Moleclular Function

GO:0008017

Unicellular Trophic Cells

Moleclular Function

GO:0015631

Unicellular Trophic Cells

Moleclular Function

GO:0004738

DNA insertion or deletion
binding

microtubule binding

tubulin binding

pyruvate dehydrogenase activity

Unicellular Trophic Cells

Moleclular Function

GO:0016624

Multicellular Development

Biological Process

GO:0007588

Multicellular Development

Biological Process

GO:0015698

oxidoreductase activity, acting
on the aldehyde or oxo group of
donors, disulfide as acceptor

excretion

inorganic anion transport
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Table C.2 continued
response to estrogen
Multicellular Development

Biological Process

GO:0043627

Multicellular Development

Biological Process

GO:0009615

response to virus

Multicellular Development

Biological Process

GO:0043649

Multicellular Development

Biological Process

GO:0007214

Multicellular Development

Biological Process

GO:0006833

Multicellular Development

Biological Process

GO:0070528

Multicellular Development

Biological Process

GO:0019755

Multicellular Development

Biological Process

GO:0007589

dicarboxylic acid catabolic
process

gamma-aminobutyric acid
signaling pathway

water transport

protein kinase C signaling

one-carbon compound transport

body fluid secretion

Multicellular Development

Biological Process

GO:1901070

Multicellular Development

Biological Process

GO:0015669

guanosine-containing compound
biosynthetic process

gas transport

Multicellular Development

Biological Process

GO:0071391

Multicellular Development

Biological Process

GO:0007260

Multicellular Development

Biological Process

GO:0009838

Multicellular Development

Biological Process

GO:0060465

cellular response to estrogen
stimulus

tyrosine phosphorylation of
STAT protein

abscission

pharynx development

Multicellular Development

Biological Process

GO:0061158

Multicellular Development

Biological Process

GO:0010227

3'-UTR-mediated mRNA
destabilization

floral organ abscission
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Table C.2 continued
animal organ regeneration
Multicellular Development

Multicellular Development

Biological Process

GO:0031100

Biological Process

GO:0051091

Multicellular Development

Biological Process

GO:0044706

Multicellular Development

Biological Process

GO:0046662

positive regulation of sequencespecific DNA binding
transcription factor activity

multi-multicellular organism
process

regulation of oviposition

Multicellular Development

Biological Process

GO:0045984

Multicellular Development

Biological Process

GO:0014075

Multicellular Development

Biological Process

GO:0016578

Multicellular Development

Biological Process

GO:0035690

negative regulation of
pyrimidine nucleobase
metabolic process

response to amine

histone deubiquitination

cellular response to drug

Multicellular Development

Biological Process

GO:0070498

Multicellular Development

Biological Process

GO:0043949

Multicellular Development

Cellular Component

GO:0019012

Multicellular Development

Cellular Component

GO:0019028

Multicellular Development

Cellular Component

GO:0043235

Multicellular Development

Cellular Component

GO:0044306

Multicellular Development

Cellular Component

GO:0098552

Multicellular Development

Cellular Component

GO:0046861

interleukin-1-mediated signaling
pathway

regulation of cAMP-mediated
signaling

virion

viral capsid

receptor complex

neuron projection terminus

side of membrane

glyoxysomal membrane
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Table C.2 continued
sarcolemma
Multicellular Development

Cellular Component

GO:0042383

Multicellular Development

Cellular Component

GO:0009986

Multicellular Development

Cellular Component

GO:0005700

Multicellular Development

Cellular Component

GO:0009941

Multicellular Development

Cellular Component

GO:0030315

Multicellular Development

Cellular Component

GO:0016363

Multicellular Development

Cellular Component

GO:0005726

Multicellular Development

Cellular Component

GO:0016323

cell surface

polytene chromosome

chloroplast envelope

T-tubule

nuclear matrix

perichromatin fibrils

basolateral plasma membrane

Multicellular Development

Multicellular Development

Multicellular Development

Cellular Component

GO:0009897

Cellular Component

GO:0098802

Moleclular Function

GO:0000990

Multicellular Development

Moleclular Function

GO:0015194

Multicellular Development

Moleclular Function

GO:0016504

external side of plasma
membrane

plasma membrane receptor
complex

transcription factor activity, core
RNA polymerase binding

L-serine transmembrane
transporter activity

peptidase activator activity

Multicellular Development

Moleclular Function

GO:0016857

Multicellular Development

Moleclular Function

GO:0016917

racemase and epimerase activity,
acting on carbohydrates and
derivatives

GABA receptor activity

Multicellular Development

Moleclular Function

GO:0035925
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mRNA 3'-UTR AU-rich region
binding

Table C.2 continued
Multicellular Development

Moleclular Function

GO:0004087

Multicellular Development

Moleclular Function

GO:0070335

Multicellular Development

Moleclular Function

GO:0042615

carbamoyl-phosphate synthase
(ammonia) activity

aspartate binding

CD154 receptor binding

Multicellular Development

Moleclular Function

GO:0004648

Multicellular Development

Moleclular Function

GO:0003993

Multicellular Development

Moleclular Function

GO:0004601

Multicellular Development

Moleclular Function

GO:0032559

O-phospho-L-serine:2oxoglutarate aminotransferase
activity

acid phosphatase activity

peroxidase activity

adenyl ribonucleotide binding

Multicellular Development

Moleclular Function

GO:0016743

Multicellular Development

Moleclular Function

GO:0016812

Multicellular Development

Moleclular Function

GO:1905361

Multicellular Development

Moleclular Function

GO:0001784

Multicellular Development

Moleclular Function

GO:0015250

carboxyl- or
carbamoyltransferase activity

hydrolase activity, acting on
carbon-nitrogen (but not
peptide) bonds, in cyclic amides

L-serine transporter activity

phosphotyrosine binding

water channel activity

Multicellular Development

Moleclular Function

GO:0005372

Multicellular Development

Moleclular Function

GO:0070406

Multicellular Development

Moleclular Function

GO:0003921

Multicellular Development

Moleclular Function

GO:0051087

water transmembrane transporter
activity

glutamine binding

GMP synthase activity

chaperone binding
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Table C.2 continued
Multicellular
Development

Moleclular Function

GO:0004639

Multicellular
Development

Moleclular Function

GO:0004070

phosphoribosylaminoimidazolesuccinocarboxamide
synthase activity

aspartate carbamoyltransferase activity

Table showing all significantly enriched GO terms predicted by Ontologizer for each cluster of
significantly differentially expressed genes in the life cycle of C. protea.
Table C.3

Complete list of Enriched Pfam Domains
Description

Copromyxa protea DEG Gene
Cluster

Pfam Family

Pfam ID

Unicellular Trophic Cells

TAXi_N

PF14543.1

Unicellular Trophic Cells

ASP

PF00026.18

Unicellular Trophic Cells

Glyco_hydro_25

PF01183.15

Multicellular Development

HSP20

PF00011.16

Xylanase inhibitor N-terminal

Eukaryotic aspartyl protease

Glycosyl hydrolases family 25

Hsp20/alpha crystallin family

Multicellular Development

LEA_4

PF02987.11

Multicellular Development

SAICAR_synt

PF01259.13

Multicellular Development

ATP-grasp

PF02222.17

Multicellular Development

peroxidase

PF00141.18

Multicellular Development

PTH2

PF01981.11

Multicellular Development

BACK

PF07707.10

Late embryogenesis abundant
protein

SAICAR synthase

ATP-grasp domain

Haem peroxidase

Peptidyl-tRNA hydrolase PTH2

BTB and C-terminal Kelch

Multicellular Development

Dala_Dala_lig_C

PF07478.8
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D-alanine-D-alanine ligase Cterminus

Table C.3 continued
CBS domain
Multicellular Development

CBS

PF00571.23

Multicellular Development

RCC1_2

PF13540.1

Multicellular Development

Polysacc_deac_1

PF01522.16

Regulator of chromosome
condensation (RCC1) repeat

Polysaccharide deacetylase

Multicellular Development

RCC1

PF00415.13

Multicellular Development

MIP

PF00230.15

Multicellular Development

Myb_DNA-bind_6

PF13921.1

Multicellular Development

ATP-grasp_4

PF13535.1

Regulator of chromosome
condensation (RCC1) repeat

Major intrinsic protein

Myb-like DNA-binding domain

ATP-grasp domain

Multicellular Development

NAD-GH

PF10712.4

Multicellular Development

HSP70

PF00012.15

NAD-specific glutamate
dehydrogenase

Hsp70 protein

Table showing all significantly enriched Pfam domains (FDR < 0.05, hypergeometric test) for
cluster of significantly differentially expressed genes in the life cycle of C. protea.
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